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ABSTRACT
This dissertation reports a diverse range of new components for the fabrication of
soft flexible, stretchable and wearable electronic devices. The components investigated
spans design and development of a new elastomer, layered elastomeric material,
investigation and modification of surface chemistries, and development of new techniques
for fabrication of stretchable, conductive composites using nanomaterials and metals.
Simple, low-cost, benchtop techniques for the fabrication of the functional materials has
been a strong focus of the work reported in this dissertation.
Chapter 2 reports the development of a new transparent formulation of a renowned
elastomer, butyl rubber, that enables its use in stretchable electronics applications. We
design a new compression molding method to prepare highly smooth and transparent butyl
rubber (T-IIR) substrates. We demonstrate the T-IIR protection to sensitive electronic
materials from degradation and corrosion by oxygen and moisture to extend the lifetimes of
stretchable devices. The demonstrated benefits positions T-IIR as an important elastomer
for future generation of impermeable stretchable electronics.
Chapter 3 examines the surface properties of T-IIR reported in Chapter 2 and
reports methods to modify the surface chemistry of T-IIR to enable the deposition of
electronic materials. This report advances the new elastomer from being a mere
encapsulant to a substrate for direct device fabrication on its surface. As a proof of concept,
we demonstrate the deposition of stretchable gold films on the organosilane-modified
surface of T-IIR.
Chapter 4 expands upon the work presented in Chapter 3 and reports the
fabrication of a multilayered elastomeric composite built upon T-IIR. The properties of the
composite enables the deposition of stretchable metal films, while T-IIR prevents
degradation from gases and water vapor when the composite/metal is used in electronic
vii

devices. We demonstrate the fabrication and long lifetime performance of wires, circuits
and light-emitting devices using metal films on the T-IIR-based elastomeric composite as
electrodes.
Chapter 5 investigates a low-cost, scalable technique for fabrication of transparent,
stretchable and conductive films on elastomer using electrostatic self-assembly of
functionalized nanomaterials. Layer-by-layer assembly of functionalized single-walled
carbon nanotubes (SWNTs) provide precise control over transparency and conductivity. We
demonstrate these films on elastomer, in strain sensor and light-emitting device fabrication.
Chapter 6 demonstrates another class of conductive material, liquid metal alloys, for
fabrication of soft elastomeric composites for large-area electronic devices. The method
focuses on the confinement of liquid metal alloy within elastomeric matrix while taking
advantage of the free-standing liquid metal properties. The work examines the use of soft
conductors as interconnects to measure conductivity of thin films and investigates their use
as electrodes in light-emitting devices.
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1.1. Background to Stretchable Electronics
The journey of electronics from rigid silicon-based electronics to soft, flexible,
stretchable electronics has been arduous but extremely rewarding. The last decade or so
has witnessed a transformation of the field from an imaginative novelty to a viable
commercial reality. Moore’s law prediction that ‘number of transistors per square inch on
integrated circuits will double every two years’ is at the verge of seeing its end in the
foreseeable future.[1] The future development of rigid electronics is almost at the point of
becoming stagnant due to further limitations of scaling down. While silicon-based rigid
devices provide state-of-art performance, the use of organic materials as functional species
in the electronic devices is integral to fabricate soft, conformable electronics.
The field of stretchable electronics provides opportunities to traverse unexplored
territories with regards to applications of technology that provide seamless integration
with the human being.

The development of stretchable, deformable and wearable

electronics has witnessed a great deal of progress in the last decade.[2-5]

Research in

applications ranging from large area optoelectronics, organic photovoltaics (OPVs),
wearable devices such as health monitors and biosensors has advanced significantly. The
emerging Internet of Things applications benefits immensely from the wearability of
electronic devices.
The key to the development of such stretchable electronics are mechanically
durable conducting materials on elastomeric substrates that act as platforms for building
these electronic systems and the seamless integration of the two.[6-12] Demonstrations of
stretchable electronics range from stretchable light-emitting devices,[13-22] energy
harvesting devices or organic photovoltaics,[23-26] actuators for soft robotics, wearable
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tactile and strain sensors,[27-30] health monitoring sensors,[5, 31] sophisticated biointegrated
devices for monitoring cardiac physiology and brain activity, wearable textile and fabric
based electronics, and conformable dynamic camouflage skins and artificial electronic skin
(E-skin).[16, 28, 32-37]
The progress and development of next generation high performance stretchable
devices with high sophistication and performance is not trivial. The challenges include
development of new elastomer substrates, molecular and nanostructured functional
materials that provide low electrical resistance and can accommodate high operational
strains and repetitive cycling, new processing methods and system integration. The
processes and materials need to be low-cost and industry scalable. The fundamental
requirement for design and development of such devices is mechanical durability and
highly stretchable conductors.
A balanced mix of electronic, mechanical and optical properties is essential for
development of conductors for stretchable device applications. A number of strategies have
so far been explored. The conventional inorganic semiconductor materials have been
exploited in unconventional ways by using different geometrical conformations and layouts
to achieve stretchability. Stretchable metal films are achieved by reducing thickness or by
adapting different specific configurations.[38-46][65] Also, methods have been employed to
preserve conductivity of the metal films by engineering or delaying crack formation.[47-49]
Conductive composites are fabricated by incorporating conductive nanomaterials and liquid
metal alloys as fillers within the stretchable elastomers. [18, 19, 22, 36, 50-58]
A detailed review of common and new substrates in the field, mechanics of
stretchable functional materials, stretchable liquid metals composites and transparent
conductors is explored in the following sections. Also, a brief review of the current state-ofthe-art intrinsically stretchable electronic devices and their limitations follows.
3
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1.2. Stretchable Substrates
An elastomer with good mechanical properties such as high tensile strength and low
Young’s modulus, and surface properties such as presence of reactive groups, is pertinent
for the deposition of thin films of electronic components. The following section discusses
the most commonly used substrates in stretchable electronics, and investigated particularly
in this dissertation.

1.2.1. Silicone-based Elastomers
The silicone elastomer poly(dimethylsiloxane) (PDMS) is the most commonly used
elastomer in the field of stretchable electronics. The overwhelming use of PDMS in this field
owes to its excellent mechanical and surface properties, commercial availability, high
optical transparency and biocompatibility.[59]
PDMS consists of a vinyl-functional oligomer, a hydrogen-functional oligomer and a
platinum catalyst. PDMS curing involves an organometallic hydrosilylation reaction.[60]
Hydrosilylation is the addition reaction of a silane group (SiH) on a vinyl group (SiCH=CH2),
a SiH-functional polymer reacts with a vinyl-functional polymer carrying Si-CH=CH2 groups.
The siloxane base oligomers contain vinyl groups. The cross-linking oligomers contain at
least three silicon hydride bonds each. The curing agent contains a proprietary platinumbased catalyst that catalyzes the addition of the SiH bond across the vinyl groups, forming
Si-CH2-CH2-Si linkages. The multiple reaction sites on both the base and crosslinking
oligomers allow for three-dimensional crosslinking (Figure 1.1). One advantage of this type
of addition reaction is that no waste products such as water are generated. The hardness of
the cured PDMS can be manipulated by the ratio of base to curing agent.
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Figure 1.1. Crosslinking mechanism of PDMS. Adapted with permission from reference [60].

In addition to the aforementioned properties, PDMS can be easily moldable into any
shape or form depending on the mold design. While casting PDMS against flat smooth
surfaces generate flat PDMS sheets, molding against photolithographically patterned
masters yields stamps and microchannels for use in microfluidics and fabrication of
patterned surfaces.[61-63]
PDMS possesses low surface energy of 19.8 mN/m with a water contact angle of 116
± 1°.[64] It is remarkably easy to tailor the PDMS surface with desired functional groups.[59]
The PDMS surface can be turned hydrophilic by short exposure to plasma, UV ozone or
corona discharge. These surface activation treatments generate a thin silicate layer (water
contact angle <20°) with terminal –OH groups that readily react with organosilanes via
condensation reactions to form self-assembled monolayers (SAMs) with specific functional
groups to enable deposition of variety of materials.[65] These groups are necessary for
5
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fabrication of conductive films of nanomaterials, metal films, and polymers on the surface of
PDMS. For example, thiol-terminated SAMs on PDMS act as an adhesion layer for metal
deposition through metal-sulfur bond formation, amino-terminated SAMs bind colloidal
catalysts for electroless metal deposition and are reported for deposition of carbon
nanotube films, organosilanes on PDMS can initiate growth of polymer brushes, and so on.[3,
66-72]

In addition to simple surface chemistry, the mechanical and optical properties of
PDMS makes it a good choice for use as a substrate for stretchable electronics. PDMS is soft
and stretchable at room temperature, which allows simple benchtop fabrication of
components.

PDMS is transparent and clear with percent transmittance of ~100%,

allowing it to be used in conformable optoelectronics such as light-emitting devices and
solar cell applications.[13, 24] Also, PDMS is biocompatible and can be used in biomedical
applications. PDMS is highly permeable to gases and water vapor which may make it an
excellent choice for wearable and implantable applications that require breathability such
as skin-mounted sensors, contact lenses, and biointegrated devices. This is however not the
case for devices and components fabricated using organic materials and corrosion-prone
metals. The high permeability of PDMS leaves such materials exposed and vulnerable to
decomposition due to adverse effects of oxygen and moisture, leading to premature device
failure.
Other silicone based elastomers such as Ecoflex have been investigated as a
substrate in stretchable electronic devices.

Ecoflex has the ability to provide higher

elongations compared to PDMS due to the presence of fillers.

Ecoflex has been used for

fabrication of highly stretchable composites and light-emitting devices that can attain
elongations up to ~700%.[21]
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1.2.2. Isobutylene-co-isoprene Rubber
Isobutylene-co-isoprene rubber (IIR), also referred to as butyl rubber, is a synthetic
rubber made by copolymerizing ~98% isobutylene with 2% isoprene, followed by
compounding with fillers and stabilizing agents, and vulcanization to yield a durable end
product that is elastomeric and possesses intrinsic impermeability to gases and water
vapour. The useful properties of butyl rubber are a result of its chemical structure. The
elasticity of butyl rubber arises due to the low levels of unsaturation on long
polyisobutylene segments that allow these chains to reconfigure themselves to distribute
applied stress, and the covalent linkages enables the material to return to its original shape
when stress is released.[73] The high impermeability of butyl rubber originates from methyl
groups present on the polymer backbone that impede the movement of the polymer chains
and thus reduce the ability of the gas molecules to pass through the material.[74]
The vulcanization of butyl rubber to obtain a durable end product can be achieved
using different methods. Sulfur vulcanization is the most commonly used method for curing
rubber. The sulfur additive forms cross-links between the polymer chain by forming
polysulfide linkages between the chains. This curing method has pros and cons. The flexible
polysulfide linkages yield high abrasion resistance while providing less strength to the final
material due to weaker bond strength than C-C bonds present in the polymer backbone.[75]
The greater the number of sulfurs in the linkages, the more flexible and weaker the overall
end product will be. Introducing sulfur and sulfur by-products within the rubber system
also causes blooming and discoloration. Also, sulfur cross-links provide limited stability at
high temperatures. Peroxide cure system is the another method used for curing butyl
rubber. Peroxide vulcanization provides strong C-C crosslinks. The stronger C-C cross-links
provides butyl rubber with better ageing properties, high temperature and chemical
resistance. However, organic peroxides used for vulcanization do result in cleavage of
7
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isobutylene copolymers leading to fragmentation and molecular weight reduction instead of
crosslinking. Xiao et al. achieved a higher degree of crosslinking by adding pendant
polymerizable groups to halogenated IIR precursors. These pendant groups have the
potential to cure using free radical polymerization, and chain scission is avoided since the
IIR backbone is not required for crosslinking.[76] Figure 1.2 shows the esterification of
halogenated IIR backbone to introduce variety of groups which further undergo peroxide
cure for IIR crosslinking. Other additives and stabilizers used during the cure process
include coagents, antioxidants, oils and fillers. Each of these additives provide specific
function.[75] The addition of coagents suppresses the cleavage reactions and allows efficient
cross-linking. They provide higher tear strength and tensile strength as well as improved
heat-ageing, abrasion resistance and resilience. Some typical coagents used are acrylates,
maleimides and allyl phthalates. Antioxidants are essential to prevent degradation due to
oxidation that causes C-C bond cleavage and formation of radicals. Thus, antioxidants are
necessary to prevent chain scission reactions. Finally, particulate fillers such as carbon
black, silica and clay are used as reinforcers for increased strength and longevity of the
cured rubber. The final physical and chemical properties of the butyl rubber depend on the
ratio of the additives, cure system, cure rate, cure temperature and molding methods.
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Figure 1.2. Macro-monomer synthesis by IIR esterification. Reproduced with permission from
reference [76].

The elastic and gas barrier properties of IIR makes it an excellent choice for
applications requiring soft yet durable airtight elastomeric materials. Examples include
applications in the automotive industry, particularly in the innerliners of tires to contain air
pressures, in the pharmaceutical industry as impermeable stoppers to protect sterilized
media, and uses in sporting equipment (bladders in inflatable balls), protective clothing and
equipment, in laboratory products such as gloves for glove boxes, septa and a variety of
adhesive products. The elastic and barrier properties of IIR also makes it a promising
alternative for use as a substrate in flexible and stretchable electronic devices that are
9
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sensitive to gases and water vapour such as organic photovoltaics (OPVs), light-emitting
electrochemical cells (LEECs), organic light-emitting diodes (OLEDs) as well as devices with
thin metal electrodes prone to corrosion or oxidation. That being said, the traditionally
used IIR is in no way a good replacement for PDMS in stretchable electronics. First, it is
opaque due to the presence of fillers such as carbon black and silica, thus it cannot be used
as a substrate in optoelectronic devices such as stretchable light-emitting devices and solar
cells. Second, the conventional compression molding technique gives it a rough surface
topography which may limit the use of butyl rubber in applications requiring conformal
contacts with thin functional films for device fabrication or even prevent it from laminating
effectively as a barrier layer.
In this dissertation, we provide solutions to enable the use of IIR in stretchable
electronics applications.

1.3. Stretchable Metals: Mechanics and Strategies
The electronic devices are conventionally developed using rigid materials such as
inorganic semiconductors (e.g. Si) and metal films (e.g. Au, Ag, Cu) and metal oxides (e.g.
Indium tin oxide) due to their high conductivity. These materials provide exceptional
electronic performance, however, their integration into stretchable electronic devices
requires that they absorb large strains (>>1%) while still maintaining the high conductivity
that allows reliable operation during deformation of these devices. Metals, for example, are
good conductors since they have high electrical conductivity of 105 S.cm-1, whereas an
elastic modulus of ~102 GPa makes it challenging to adapt metals to stretchable
electronics.[6]
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The comparison of cracking behaviour in free-standing metal films and
metal films on polymer substrates is given in Figure 1.3a-c.[77] Free-standing thin metal
films, for example, are ductile and fail to conduct at very small elongations (< 1%) due to
fracture.). However, adhering these thin metal films to an elastomer delocalizes the strain
over the entire metal film forming multiple necking sites instead of a single large rupture.
This delocalization of strain allows the metal film to withstand high strain before
conductivity is completely lost due to formation of large channel cracks in the metal films
(Figure 1.3c, d). Lacour et. al. investigated the stretchability of 1000-Å-thick Au films
adhered to PDMS substrate.[78] At strains up to ~8%, the percent change in resistance is
proportional to the elongation. The cracks begin to appear at the edges of the Au film,
initiating the breakage of conductive pathways in the film. At higher strains however, these
cracks grow long and extend through the width of the film resulting in a drastic increase in
resistance. These Au films are able to stretch up to 22% elongation while still maintaining
conductivity (Figure 1.3e). Beyond 22%, the cracks in the films break the conduction
pathway, and the resistance essentially reaches infinity.
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a
b

c

d

e

Figure 1.3. a-c Strain effects in free-standing metal films and metal films bonded to polymer
substrates. Free-standing metal film develops a single neck and cracks at strains <1% (a),
Metal films adhered to elastomeric substrate delocalizes strain over large area preventing
formation of single neck (b), Poorly adhered metal film delaminates and experiences strain
localization and cracks (c). Adapted with permission from reference [77]. d Evolution of long
channel cracks developed in Au films on PDMS at 5% elongation. Adapted with permission
from reference [47]. e Normalized change in resistance as a function of elongation for Au film
adhered to PDMS. Adapted with permission from reference [78].

Strains higher than 22% are required for stretchable electronics. To achieve this,
various strategies have been employed that involve structuring of metal films into different
geometries and layouts, both in-plane and multidimensional, to retain electrical
functionality of metals at higher strains. The following sections will discuss these structural
layouts as well as talk about changing film morphologies to achieve these goals. It is
important to note that the stretchability of the rigid materials on soft substrates is highly
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dependent on the mismatch in the elastic properties of the layers regardless of geometric
pattern or morphology introduced on the surfaces.[6]

1.3.1. Buckled and Pop-up Structures
1.3.1.1.

Buckling on Relaxed Substrates

The appearance of complex, ordered structures induced by the buckling of thin
metal films owing to contraction of an underlying substrate was first demonstrated by
Bowden et al using a thin Au film on the PDMS substrate.[79] Figure 1.4 shows different
wave patterns achieved depending upon boundary conditions. Electron beam evaporation
of Au on PDMS results in compressive stress built into thin Au films. This compressive
strain, resulting from built-in stress and the mismatch in thermal expansion of the two
layers, can result in shrinking the metal film by tenths of a percent and causes spontaneous
wrinkling in the metal film. The shrinkage and wrinkling caused during evaporation can
increase the stretchability of Au films beyond their typical fracture strain of 1% by fraction
of a percent.[78] Lacour et al. reported e-beam evaporated gold films on PDMS that can
stretch to 22% without electrical failure beyond which the long straight cracks disrupt the
conduction pathway through the gold films.[78] In certain instances, microcracks appear
instead of buckled structures in the evaporated metal films. The precise factors that decide
which structure dominates are not fully understood.[6]
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Figure 1.4. a-f Optical micrographs showing representative patterns of waves that formed
when the metals were evaporated onto warm (110 °C) PDMS, and the samples then cooled to
room temperature. Disordered regions (a), Rectangularly ordered waves (b), Waveless regions
with ordered wave regions (c), Flat squares and circles with no waves on plateaus, but waves
on recessed regions (d, e), Waves aligned by rectangular ridges (f). Reproduced with
permission from reference [79].

1.3.1.2.

Buckling on Pre-strained Substrates

The amplitude of buckling caused in as-deposited metal film on elastomer can be
significantly increased by inducing pre-strain in the substrate before the deposition of
metal. On relaxation, the metal coating buckles perpendicular to the pre-strain direction
generating a sinusoidal topography. On application of strain, the buckles bend, flattening
the metal films and providing stretchability. Jones et al. achieved stretchability of 20-nmthick gold films to 100% by introducing a prestrain of 25%.[38] In another study, Lacour et
al. fabricated buckled 20-nm-thick gold films by prestraining the PDMS to 15% before metal
deposition (Figure 1.5).[39] The resulting films can sustain repetitive stretch-release cycles of
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15% strain with negligible change in resistance, making them suitable candidates for
stretchable electronics.

Figure 1.5. 3-D profile of Au film (25-nm-thick) surface wave generated due to release from
15% pre-stretch of PDMS. Reproduced with permission from reference [39].

Zhu et al reported biaxial buckling in Au films by shrinking the polystyrene
substrate on which the metal was initially deposited. The crumpled gold film is then
transferred onto PDMS and Ecoflex substrates. The biaxial crumpling introduced in the gold
films allows a low change in resistance of < 2.5x at 130% elongation.[80] Görrn et al
demonstrated the unpredictable wrinkling pattern generation in radially pre-stretched
substrates, and allows for biaxial stretching of these films.[81]
Sun et al. achieved stretchability of Si and GaAs nanoribbons up to 100% by
selectively modifying PDMS surface prestretched to 25% to generate patterned regions for
adhering the nanoribbons (Figure 1.6a, b).[42] On releasing the prestrain, the nanoribbons
on the unmodified regions pop-up forming an arc-shaped bridge. Similarly, metal pop-up
architectures have been reported as well.[40] The bridges enable their application as
interconnects in stretchable electronic devices, as they alleviate the strain by planarization.
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In another report, Rogers and coworkers demonstrated the fabrication of an array of
stretchable CMOS inverters connected using noncoplanar bridges with serpentine form. The
interconnects between CMOS inverters are composed of trilayer stacks of polymer-metalpolymer. These bridges allow for deformability (up to 70%) by compensating applied strain
not only by flattening of the bridges but also by straightening of the serpentine geometry
(Figure 1.6c, d).[40]
The structural layouts engineered and designed at nano to macroscopic scales not
only enable but also limit the stretchability of solid electronic conductors. While it is easy to
achieve reversible elasticity and/or low resistances using these geometric constructs and
designs on the surface, the direction of elasticity is predefined by the design of the layout or
the direction of pre-stretch. Moreover, the out-of-plane features make the incorporation of
these conductors in conformable devices very complex.

a

b

c

d

Figure 1.6. Stretchable noncoplanar electronics with pop-up bridge designs. a, b SEM images
of the side-view profiles of buckled Si (a) and GaAs (b) nanoribbons. Adapted with permission
from reference [42]. c, d SEM images of an array of stretchable CMOS inverters with
noncoplanar bridges composed of polymer-metal-polymer stacks with serpentine layouts (c)
and magnified view (d). Adapted with permission from reference [40].
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1.3.2. In-plane Serpentine Patterns
The localization of strain during stretching resulting in cracks can be delayed in asdeposited films by utilizing a unique meandering S-shaped “serpentine” pattern. The backand-forth pathway will elongate and approach linearity before becoming discontinuous and
non-conductive. When subjected to tensile strain, these in-plane serpentines act as spring
coils that uncoil and twist out of plane to accommodate strain. Gray et al. demonstrated the
ability of serpentine wires to stretch up to 27% in comparison to 2% elongation at electrical
failure of straight wires. They examined the effect of amplitude-wavelength ratio as well as
size of the serpentines.[43] Reducing the size of serpentine wires dramatically increased the
stretchability of the wires. Bronsteaux et al. supported this by demonstrating that an
increase in angle of serpentines leading to a horse-shoe design reduces the maximum stress
experienced by the wires.[46] Zhou et al. studied the relation between radius (r) of the
tortuous serpentines and the width (w).[44] They reported an inverse relationship between
r/w ratio and elongation at electrical failure. Furthermore, a number of fractal designs
shown in Figure 1.7 have also been studied and provide a range of possible layouts to
achieve stretchability.[45] A common method is to fabricate parallel torturous wires to
ensure reliability and current capacity of the interconnects.[43, 44, 46]
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Figure 1.7. Fractal-inspired layouts for stretchability. a Different patterns of metal wires
(300-nm-thick Au) fully bonded to elastomer substrates demonstrate the application of
deterministic fractal designs as general layouts for stretchable electronics. b FEM images
under tensile strain. c MicroXCT images demonstrate elastic mechanics. Reproduced with
permission from reference [45]
.

1.3.3. Morphology-induced Cracking
Another unique approach to increase the stretchability is by not trying to avoid
cracking but to control the propagation of cracks to ensure that conductive pathway is
maintained at high elongations. The idea behind this approach is to be able to prevent
propagation of long channel cracks through the metal film by introducing defect sites to
initiate small cracks capable of distributing strain relief in the film. This method preserves
the charge transport pathway within the film and hence its conductivity.
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Robinson et al. reported inkjet-printed silver coatings on PDMS with pillars in a
square array. The organized microstructures act as strain relief sites, prevent propagation
of cracks and allow the films to maintain conductivity after over 1000 stretch-release cycles
of 20% strain.[48] Filiatrault et al. demonstrated the use of microstructured coating of
poly(vinyl acetate) (PVAc) emulsions on PDMS (Figure 1.8).[47] The coating provides
numerous defect sites to localize strain resulting in initiation of microcracks, preventing
long range crack propagation and preserving the conductivity of the film up to ~70%
elongation. The study was performed with different concentrations of the PVAc emulsions.
The metals films on highest PVAc concentration coatings show least change in resistance
with applied strain due to larger number of defect sites relative to the lowest PVAc
concentration coatings.
Similarly, Lambricht et al. deposited metal films on PDMS bearing a rough
topography created using sand-blasted masters.[49] The random topography on the surface
disrupts the crack propagation resulting in higher elongations at electrical failure. Guo et al.
demonstrated a similar, low-cost approach by molding PDMS against rose petals to replicate
the topography of rose petals on PDMS, followed by copper coating using electroless
deposition. The technique allows copper films to provide a resistance of ~100 Ω at 70%
elongation.[82]
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Figure 1.8. a-i Optical images showing evolution of cracks on PDMS/glue/gold structures
with stretching at 5 (a, d, g), 25 (b, e, h) and 60% (c, f, i) strain for gold on different PVAc glue
concentrations on the surface of PDMS; PDMS/glue5:1/gold (a-c), PDMS/glue3:1/gold (d-f) and
PDMS/glue1:1/gold (g-i). With increase in concentration of glue, the change in resistance on
elongation is decreased. Reproduced with permission from reference [47].

1.4. Liquid Metal Composites and Microfluidics
Liquid metal presents a challenging albeit potentially rewarding opportunity for use
in stretchable electronics. Liquid metals are highly conducive to a high-strain conformable
environment. Contacts can bend and stretch in all directions while the liquid contact freely
rearranges as a result of these external forces. Mercury presents all the advantages of high
conductivity for the formation of interfaces with low contact resistance while remaining a
liquid at room temperature. It is a poor choice however, due to its extremely low interfacial
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free energy, making it very difficult to control, compounded by its high toxicity which poses
a threat to researchers and the intended user of the stretchable device.[83]
Eutectic liquid metal alloys are a safer alternative. Gallium-Indium-Tin (Galinstan –
68% Ga, 22% In, 10% Sn) and Gallium-Indium (EGaIn – 75% Ga, 25% In) are two examples
that have been used in stretchable devices both as electrodes and interconnects.[84] These
alloys readily form gallium oxide skins on contact with air resulting in non-Newtonian
fluidic behaviors that increase their applicability and ease of handling. For example, EGaIn
has been used for contact resistance measurements by providing a highly conformal contact
between a conductive surface and a probe.[47, 69, 72, 85] EGaIn has been used in stretchable
light emitting devices and solar cells as a conformable top electrode. [13, 20, 23] The shapeholding feature of EGaIn makes it very useful in measuring molecular junctions as well. A
fine tip can be formed by withdrawing the dispensing needle from the drop very slowly in
order to create a small contact area and low contact resistance interface. This technique was
pioneered by Whitesides et al. who investigated the use of EGaIn in the electrical
characterization and study of self-assembled monolayers.[21]
Free-standing EGaIn drops do not offer a practical solution for designing
sophisticated commercial devices. This stresses the need for advanced photolithography
and microchannel patterning techniques for proper containment of the liquid metal within
the device substrate.[57, 84, 86-88] Such techniques have been used to construct self-healing
stretchable wires and interconnects,

[87, 89, 90]

reversibly deformable and mechanically

tunable antennas,[91-93] sensors,[94-96] and highly conductive nanonetworks capable of
stretching to 200% while maintaining conductivity.[97] Whitesides and coworkers used
EGaIn in microfluidic channels in combination with soft elastomers to fabricate highly
stretchable radiofrequency antennas.[92] PDMS islands containing device components are
connected with bridges of EGaIn encapsulated in Ecoflex-0030 elastomer to take advantage
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of the high stretchability of liquid metal in contained interconnects. Figure 1.9a shows the
devices are consistently stable at 50% of initial resonance frequency at 120% tensile strain.
Fassler et al. demonstrated biaxially stretchable liquid metal-based sensors by fabricating
microfluidic channels in Ecoflex-0030. By filling the channels with Galinstan, they take
advantage of the high stretchability and material durability of Ecoflex to effectively contain
the liquid metal at strains of up to 200% elongation (Figure 1.9b-d).[96]

a

b

c

d

Figure 1.9. a Stretchable radiofrequency antennas using microfluidic channels of EGaIn. Plot
shows resonance frequency response of antennas as a function of elongation. Reproduced with
permission from reference [92]. b-d Galinstan microfluidic channels in Ecoflex for stretchable
sensors stretched to 200% tensile strain. Adapted with permission from reference [96].
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In a separate report, they have employed Galinstan in creating a conductive polymer
by distributing the liquid metal within the polymer matrix of PDMS.[98]

Sheets of the

composite material were cured and encapsulated between 100 µm of PDMS on either side,
providing containment of galinstan without the need for expensive techniques such as
photolithography while simultaneously allowing their use as stretchable device
interconnects. The conductivity is achieved by drawing traces using compression which
forces the encapsulated liquid metal particles to come in contact with each other (Figure
1.10).

Figure 1.10. a-c A square sheet of thin PDMS-galinstan composite; Unstretched (a, c),
Stretched (b). d Conductive traces drawn using compression to demonstrate operation of an
LED circuit. Reproduced with permission from reference [98].
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1.5. Intrinsically Stretchable Conductors using Nanomaterials
A complementary approach to fabricate stretchable conductors is by integrating
nanomaterials with elastomers.

The integration can be achieved either by deposition

embedding the nanomaterials within the elastomer. The typical elastomer of choice is
PDMS. Of the many investigated nanomaterials, metallic and carbon nanomaterials have
shown the most promise in terms of fabrication of conductors and their applications in
electronic devices. The interesting mechanical, electrical and optical properties of these
nanomaterials make them interesting candidates for applications in stretchable
electronics.[56, 99] In comparison to the thin metal films, however, the electrical conductivity
of the nanomaterials such as carbon nanotubes, metallic nanowires and nanoparticles is
relatively lower. The nanomaterials owe their high resistance to their intrinsic resistance as
well as the resistance due to the junctions between them.[56] The junction resistance is
generally the major limiting factor for the conductivity of the nanomaterial networks. These
nanomaterials do however possess excellent mechanical properties. Although these
nanomaterials are individually not stretchable, within their networks the nanomaterials
slide against and over each other to accommodate the strain.[56,

100, 101]

Thin films of

nanomaterials can be deposited on the surface of elastomers by methods such as spraycoating, drop-casting, solution processing and roll-to-roll deposition. Further, integration
with the elastomeric materials allows for fabrication of stretchable conductors by taking
advantage of the electrical properties of the fillers, and the mechanical compliance of the
elastomeric matrix. A number of methods have been used to achieve homogeneous
dispersion of nanomaterials into elastomeric materials, such as ultrasonication, shear
mixing, jet milling and hot pressing. However, the amount of loading within the elastomer is
a crucial factor to obtain composites that are both highly stretchable and conductive – too
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much loading increases the conductivity but decreases the stretchability by increasing the
stiffness. A balance is thus required. Nanomaterials with high aspect ratios are particularly
suitable for forming such stretchable networks. The applied strain is accommodated by
shape change of the network while still maintaining conductivity. Integration of
nanomaterials within the elastomers offers composites with high stretchability and
relatively high in-plane conductivity by using low-cost, scalable techniques.[56]
Carbon nanotubes (CNTs) are one of the most widely studied and used
nanomaterials. The intrinsic properties of CNTs such as their high current carrying
capacities (up to ~109 A.cm-2, high conductivity (104–106 S.cm-1), high tensile strength (50200 GPa) and high modulus (~1 TPa) make them ideal for electronics applications.[102-105]
Carbon nanotubes are conceptually constructed by rolling a sheet of graphite into a tubular
structure. The electronic properties of the carbon nanotubes depend upon the wrapping
angle. The nanotubes are categorized depending upon their chiral vectors defined by their
hexagonal crystal lattice, upon which the electronic properties of the nanotubes depend.[106,
107]

The possible values of the chiral vectors give one-third of the metallic nanotubes and

two-thirds of semiconducting nanotubes.
Designing methods to integrate CNTs with the elastomers without compromising
the intrinsic electrical properties and gaining high stretchabilities is critical. A considerable
number of studies have been carried out to fabricate CNT/polymer composites. Sekitani et
al. demonstrated the fabrication of single-walled CNT (SWNTs) pastes by dispersing SWNTs
in fluorinated copolymer matrix.[58] A net-shaped structure was prepared followed by
coating with PDMS to impart elasticity. The resultant films exhibited conductivity of 6 S.cm-1
at elongation of 134%. They further modified the process using ionic liquid within the
matrix and a jet milling process to achieve a homogeneous dispersion for conductivity of 9.7
S.cm-1 at 118% strain (Figure 1.11a, b).[22] Another method to achieve highly stretchable
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composites is by aligning arrays of CNTs. The composite structure can sustain high strains
in the direction parallel to alignment. To achieve biaxial stretching, aligned CNTs are crossstacked.[108] Other examples of SWNTs-based stretchable conductors have been reported
for a variety of applications.[56]

a

b

Figure 1.11. a Printed elastic conductors on a PDMS sheet (inset left: SWNTs dispersed in
rubbery paste, inset right: optical micrograph of printed elastic conductors with 100 µm linewidth). b SEM image of the elastic conductor showing uniformly dispersed network of SWNTs
in the rubber. Reproduced with permission from reference [22].

One of the major advantages of using nanomaterials is that they form networks that
allow light to pass through making them transparent.

Highly stretchable CNT-based

transparent electrodes have been demonstrated for a variety of applications such as strain
sensing and stretchable light-emitting devices.[18,

27, 109]

For example, Lipomi et al.

demonstrated the fabrication of skin-like pressure and strain sensors using carbon
nanotubes.[27] The stretchable, conductive films are achieved by spray-coating SWNTs on
PDMS. By applying strain along each axis, the structure is rendered stretchable. The process
generates spring-like structures that can accommodate strains up to 150% with
conductivity of up to 2200 S.cm-1. These films are demonstrated as electrodes in stretchable
capacitors, which act as pressure and strain sensors. Similarly, Cai et al. demonstrated the
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fabrication of transparent capacitative strain sensors for human motion detection. The
strain sensors can detect strains of up to 300% for thousands of cycles.[109] Pei and
coworkers developed intrinsically stretchable PLED using transparent carbon nanotubeacrylate composite as an electrode and achieved stretchability up to 45%. CNT-based
composites have also been used in fabrication of stretchable supercapacitors.[110, 111]

1.6. Intrinsically Stretchable Electronic Devices
Rapid advances in the development of stretchable and conformable materials and
design strategies has stimulated great interest in investigating these emerging materials as
components for intrinsically stretchable devices. Intrinsically stretchable devices are those
devices in which every component of the device stretch simultaneously and in harmony
while still providing device function. Integrating the unique conductive and mechanical
properties of this established class of stretchable materials has led to a myriad of
conceptual demonstrations in stretchable electronics for providing different functions.
Typical examples are stretchable light emitting devices and solar cells, field-effect
transistors, strain sensors, batteries and energy storage devices, actuators, and
supercapacitors. Advanced use of these devices utilizes biocompatible, non-invasive, and
even bioresorbable materials to construct conformable biomedical diagnostic devices for
integration within the human body or lamination on the skin. Among the examples listed,
optoelectronic devices and displays have received paramount focus from the research
community. Researchers have made different classes of light-emitting devices that utilize
different materials and operating mechanisms such as light-emitting electrochemical cells
(LEECs),[13] polymer light emitting electrochemical cells (PLECs),[18] organic light emitting
diodes (OLEDs),[17, 22] polymer light emitting diodes (PLEDs),[14] and alternating current
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electroluminescence devices (ACELs).[20, 21] In one of the first demonstrations of inherently
stretchable light-emitting devices, Yu et al. reported a PLEC built by sandwiching an
electroluminescent species between SWNT/acrylate composite electrodes.[18] The acrylate
in the electrode is a shape memory polymer and is rubber-like and stretchable only beyond
its glass transition temperature. The intrinsically stretchable PLECs can stretch linearly up
to 45% strain when heated to 70 °C. Filiatrault et al. demonstrated the first example of an
intrinsically stretchable LEEC at room temperature by providing inherent stretchability to a
light-emitting transition metal complex by dispersing it in a PDMS prepolymer (Figure
1.12a).[13] The device exhibits stretchability to 27% while maintaining uniform light
emission. In another example, Pei and coworkers achieve 120% elongation in an
elastomeric PLED comprised of transparent AgNW based composite electrodes.[19] In two
separate demonstrations, Lee and coworkers used copper-doped zinc sulphide dispersed in
silicone prepolymers to fabricate intrinsically stretchable ACEL devices.[20, 21] First, ZnS:Cu
microparticles mixed with PDMS as the stretchable light emitting species to fabricate
devices that can withstand elongations up to 100% strain.[20] By changing the elastomer
prepolymer in which the emissive layer was dispersed, elongations of up to 700% were
obtained (Figure 1.12b).[21]
a

b

Figure 1.12. a Intrinsically stretchable light-emitting device using Ru-based emitter dispersed
in PDMS prepolymer for stretchability. Image shows twisted LEEC in operation with uniform
light emission. Reproduced with permission from reference [13]. b Stretchable ACEL device
with ZnS:Cu emitter particles dispersed in Ecoflex stretched up to 700%. Adapted with
permission from reference [21].
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In another report, Bao et al. fabricated stretchable light emitting devices using a
composite electrode of AgNWs embedded in polyurethane acrylate and separately in thin
films of conducting polymer for light emitting devices that can elongate up to 120% while
maintaining light emission (Figure 1.13).[16]

Figure 1.13. Photographs of intrinsically stretchable PLEDs with AgNW-PUA electrodes under
operation, stretched up to 120%. Reproduced with permission from reference [16].

One of the major applications of stretchable conductors is in wearable and skinmountable sensing technology.[4, 29, 112] The ability of conformable electronic devices to
integrate with soft curvilinear surfaces of the human body has led to opportunities to
fabricate wearable sensors for strain and motion detection as well as sophisticated clinical
healthcare devices for monitoring and studying human body and organ activity. Among the
major achievements in this field is the fabrication of stretchable strain and pressure sensors
that can study human body motion,[4, 27, 94, 100, 109, 113-117] and artificial electronic skin with a
variety of functions.[4, 16, 27, 28, 31, 33-37, 118-121] Yamada et al. reported the fabrication of strain
sensors for human motion detection by aligning SWNTs on the PDMS elastomer in the
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direction perpendicular to strain, followed by wetting with isopropanol to flatten the films
resulting in forming a dense matrix.[113] The films exhibit a gauge factor (sensitivity of the
film to strain, defined as GF = (∆𝑅/𝑅% ) ⁄ 𝜀) of 0.82 (0-40% elongation), followed by 0.06
(60-200% elongation) (Figure 1.14a, b). To put into perspective, conventional metal gauges
have a GF of 2-5 at 5% maximum strain.[122] As previously discussed in the section on
nanomaterial based stretchable conductors, the Bao group demonstrated the fabrication of
skin-like pressure and strain sensors using spray-coated carbon nanotube films on PDMS
generating composite that can withstand strains up to 150% (Figure 1.14c-e).[27]

a

c

b

d

e

Figure 1.14. a SWNT-based strain sensor fixed to a stocking, b Relative changes in resistance
as a function of time for different motions. Adapted with permission from reference [113]. c
Photograph of pressure sensor with printed nanotube lines (image scale = 1 cm), d Device
shown in (c) adhered to backlit display, e Pressure profile map based over change in
capacitance with applied pressure of 1 MPa. Adapted with permission from reference [27].

Among other applications, Bao et al. demonstrated the fabrication of stretchable
solar cells using PEDOT:PSS as the transparent electrode and EGaIn as the second electrode.
The intrinsically stretchable solar cell can accommodate strains of up to 27%.[23]
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1.6.1. Sensitivity of Stretchable Organic Electronics
The biggest challenge associated with the development of stretchable electronics
devices is their environmental stability, reliability and longevity. Oxygen and water have a
deleterious effect on active organic species as well as the electrodes which are prone to
oxidation and corrosion. The moisture sensitivity of LEECs is due to the active ionic
transition metal complex based emitter itself. Ruthenium-based [(Ru(bpy)32+] complexes,
for example, exhibit photoluminescence decay resulting from a ligand exchange reaction. In
ambient conditions, an oxo-bridged dimer [(bpy)2(H2O)RuORu(OH2)(bpy)2]4+, with two
coordinated water molecules is formed during device operation resulting in quenching of
a)

light emission (Figure 1.15.).[123, 124] Previously it was also suggested that the quenching
species could be [Ru(bpy)2(H2O)2]2+, however formation of this species has not been
confirmed.[125]

a

b) b

Figure 1.15. a Structure of the oxo-bridged quenching species
[(bpy)2(H2O)RuORu(OH2)(bpy)2]4+ in LEECs operated under ambient conditions. b Current
(solid line) and radiant flux (dotted lines) response of ITO/Ru(bpy)32+(PF6-)2/Au LEECs
operating at 3 V under alternating vacuum and oxygen-rich environments. The downward
arrows indicate response as function of time when oxygen was introduced into the system
while the upward arrows indicates response under vacuum. Adapted with permission from
reference [123].
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In OLEDs, the cathode requires low work function metals, which are air sensitive.
The major cause of device failure is the exposure to oxygen and moisture. The degradation
results from the electrochemical reactions at the interface of the electrodes.[126-132] The
degradation and delamination of the metal cathode results in the formation of dark spots in
the light emission (Figure 1.16.a, b). Reduction of water at the electrode-emitter interface
results in the generation and expansion of hydrogen gas which results in delamination.[133]
Schaer et al. have reported a study on water vapor and oxygen degradation mechanisms in
OLEDs.[130]

a

b

Figure 1.16. a Optical micrograph showing dark spot generation in OLEDs operated under
moisture-rich conditions. b SEM image of Al cathode surface with black spot formed under
oxygen-rich conditions. Adapted with permission from reference [130].

Similarly, ambient atmosphere is detrimental to organic species in solar cells.[134-137]
For example, in perovskite-based solar cells, water molecules percolate into the crystal
structure of perovskites causing bond dissociation within the crystal causing their
degradation.[134] Moisture in the atmosphere is also the major cause of degradation of
organic thin film transistors.[138] Organic materials do not solely suffer from effects of gases
and moisture on performance.

Metals such as copper and silver are highly prone to

oxidation and readily corrode in ambient atmosphere due environmental factors such as
32

Chapter 1: Introduction
humidity and pollutants.[135, 139, 140] The tarnished metal films lose electrical conductivities
leading to reduced efficiencies and lifetimes of the devices. Gas diffusion barriers are
therefore necessary for organic electronics and thin metal films.[141] While for rigid and
plastic devices, thin barrier layers and coatings of a variety of materials such as metal
oxides, or hybrid organic/inorganic multilayers have been proposed to augment
impermeability,[128,

129, 141-144]

introducing a barrier film or encapsulant in stretchable

devices remains quite a challenge due to limited stretchability of these materials.
Consequently, only a few examples of stretchable barrier films have been reported so
far.[145-147] It is essential to develop materials with high inherent impermeabilities to
moisture and oxygen to realize high performance, stable and reliable stretchable
electronics.

1.7. Dissertation Objectives
The overall objective of this dissertation is to introduce new elastomer materials,
composite materials for stretchable conductors and methods to integrate them into
stretchable electronics. The dissertation focuses on the development of a wide range of
materials and methods towards stretchable electronics including a new elastomeric
substrate, encapsulation for protection of sensitive device components, surface
modification methods, soft multilayer composites, metal-based conductors, nanomaterialas well as liquid metal-based composites.
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1.7.1. Developing a New Transparent Elastomer for Impermeable
Stretchable Electronics
The first section of the dissertation focuses on the development of a new
formulation of a well-known elastomer, butyl rubber (isobutylene-co-isoprene rubber, IIR),
and adapting it for use as an encapsulant as well as a substrate in stretchable electronics.
First, we introduce a new transparent formulation combined with a new molding process
for the production of IIR with high optical transparency. This is the first report of a
transparent IIR (T-IIR). Second, we demonstrate T-IIR as an excellent encapsulant for
protection of organic electronic device components such as perovskite films used in solar
cells and active organic species in functioning light-emitting devices as well as for
protection of metals such as copper and silver from corrosion. The demonstrations
illustrate that the protective ability of T-IIR as an encapsulant is far superior to that of
PDMS. This work is presented in Chapter 2.
To harness the barrier properties of T-IIR in stretchable electronics, however, it is
essential to use T-IIR as a substrate rather than just an encapsulant. The understanding of
T-IIR surface chemistry is thus necessary to tailor the surface chemistry for deposition of
thin film components for a variety of electronic device applications. We discuss a
combination of plasma and chemical treatments to deposit a silicate layer on the surface of
T-IIR that allows the fabrication of organosilane self-assembled monolayers with desired
terminal groups. This work is presented in Chapter 3.
One of the common methods used for fabrication of thin metal conductors on an
elastomer involves deposition of metal through physical vapor deposition (PVD) methods
such as electron beam (e-beam) evaporation. Our investigation in Chapter 4 reveals that ebeam metal deposition on T-IIR yields discontinuous, non-conductive metal films. The
damage is caused by the penetration of metal atoms into the T-IIR surface. In this section of
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the dissertation, we examine a method to deposit a thin membrane of PDMS on the silicate
modified surface of T-IIR, resulting in formation of a multilayered composite possessing
layers with different elastic properties. The composite benefits from the surface properties
of PDMS, thereby allowing e-beam metal deposition, while still possessing the barrier
properties of T-IIR. We further investigate the electrical properties of the resultant metal
films on the composite as a function of applied strain. We construct T-IIR-encapsulated
wires, LED circuits and light-emitting devices using silver films as the primary conductive
layer and expose the aforementioned devices to humid conditions in order to highlight the
impermeability of T-IIR. The corrosion of unprotected Ag in humid environments makes it a
great indicator for the metal protection study.

1.7.2. New, Simple, Low-cost
Stretchable Conductors

Methods

for

Fabrication

of

This section of the dissertation focuses on the development of stretchable
conductors, and their demonstration in light-emitting devices and strain sensors.
First,

we

examine

SWNTs

supramolecularly

modified

with

conjugated

polyelectrolytes (CPEs) for fabrication of transparent, stretchable and conductive films with
low surface roughness. The deposition method involves layer-by-layer self-assembly that
benefits from electrostatic and π-stacking forces to build robust films and provides precise
control over transparency and conductivity. The method affords low-cost fabrication and
scalability. This work aims to provide an alternative to brittle indium tin oxide (ITO) films
used as transparent conductors. We demonstrate the use of CPE-SWNT films in fabrication
of light-emitting electrochemical cells and wearable strain sensors. This work is presented
in Chapter 5.
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Second, we construct soft conductors by confining liquid metal alloy within an elastomeric
material to form a highly stretchable and highly conductive composite. The composite helps
achieve the benefits of free-standing EGaIn, its conformability and high conductivity, while
containing the liquid metal within the elastomer preventing in leakage. It is a low-cost,
scalable method to fabricate patterned and large-area conductors without the need of
complex and expensive photolithographic processes. We examine the composites as
confined, leakage-free contacts as well as electrodes in light-emitting devices such as LEECs
and ACELs. This work is presented in Chapter 6.
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2.1. Introduction
Stretchable

electronics

research

has

delivered

extraordinary

technology

demonstrations that have the potential to change the way humans interact with
electronics.[1-2] Examples include stretchable light-emitting devices,[3-6] batteries,[7] and solar
cells;[8] wearable strain and touch sensors;[9-10] wearable biosensors that monitor glucose
levels, blood pressure and heart rate;[11-12] and soft biodevices that can be implanted into
the body to study brain activity and for mapping cardiac electrophysiology.[13] Researchers
have developed a considerable diversity of strategies and materials to create stretchable
functional materials that enable stretchable electronics,[1-2] such as the design of new
elastomeric composites that are conductive or emissive,[3,14] conductive thin films adhered
to elastomers,[15-16] buckled structures that unfold when stretched, [17-18] stretchable ionic
conductors,[19] and stretchable liquid metals.[20] Despite this explosive growth, there is
surprisingly little diversity in the elastomeric substrate used in stretchable electronics.
These studies have overwhelmingly relied on a single type of elastomer: the silicone rubber
polydimethylsiloxane (PDMS). There are good reasons to make PDMS the de facto choice
for stretchable electronics. PDMS is optically transparent and clear; soft and stretchable;
commercially available; and easy to mold.[21] Although these properties have compelled
researchers to take a “one size fits all” approach to stretchable electronics, the reality is that
PDMS cannot universally fulfill all of the present and future requirements of stretchable
devices. PDMS is highly permeable to oxygen and water vapor,[22] which may be ideal for
some wearable and implantable devices; however, this permeability is a detriment when
the device components are air- or moisture-sensitive, such as semiconducting organic
molecules and polymers. The high permeability of PDMS leaves organic devices such as
organic light-emitting devices (OLEDs), light-emitting electrochemical cells (LEECs), and
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organic photovoltaics (OPVs) vulnerable to decomposition,[23-25] which adversely affects
device lifetimes and leads to premature device failure. It is critical to develop ways to
protect these devices to advance the field toward stretchable electronics with practical
lifetimes.
Gas-diffusion barriers are essential to organic electronics. This problem is well
known for flexible organic devices fabricated on plastic substrates, in which oxygen and
moisture readily permeate through the plastic into the device.

Researchers have

augmented the impermeability of plastics to protect flexible devices by depositing thin
coatings of materials such as metal oxides or nitrides, or hybrid organic/inorganic
multilayers, onto the plastic surface.[26-28]

The limited stretchability of these barrier

materials, however, makes them unsuitable as gas-diffusion barrier coatings on elastomers;
consequently, there are few examples of stretchable barrier films on elastomers.[29-32]
Furthermore, the basic approach of fabricating a coating to augment barrier properties adds
processing steps, such as vacuum deposition or layer-by-layer self-assembly, that can be
slow and expensive. Here, we present a new approach to protecting stretchable organic
electronic devices that replaces PDMS with an elastomer – butyl rubber – with an
intrinsically low gas permeability. Butyl rubber (poly(isobutylene-co-isoprene), IIR) is a
synthetic rubber made by copolymerizing ~98% isobutylene with ~2% isoprene, which is
then compounded with fillers and stabilizing agents, and vulcanized to yield a durable end
product that is both elastomeric and highly impermeable to gases and water vapor.[33] This
combination of useful properties comes from the chemical structure of IIR: Methyl groups
on the polymer backbone impede the movement of the polymer chains and thus reduce the
ability of gas molecules to pass through the material.[34] The low levels of unsaturation on
long polyisobutylene segments allow these chains to reconfigure themselves to distribute
applied stress, and the covalent cross-links enable the material to return to its original
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shape after the stress is removed.[33] Because of these properties, IIR is the traditional
workhorse for applications that require airtight, elastomeric materials: in the automotive
industry as the innerliners of tires, in the pharmaceutical industry as impermeable stoppers
to protect sterilized media, and in the sporting goods industry as bladders in inflatable balls.
The IIR traditionally used in these applications, however, is no substitute for PDMS in
stretchable electronics: It is opaque due to particulate fillers such as carbon black, silica,
and talc, thus making it unsuitable for optoelectronic applications such as stretchable lightemitting devices and solar cells. It furthermore has a rough surface topography from
standard compression molding techniques, which may limit its effectiveness as a laminated
barrier or substrate for stretchable electronics.

Here, we reinvent IIR to adapt it to

stretchable electronics. We introduce a new formulation of IIR consisting of a peroxidecured IIR ionomer and a new molding process to produce, for the first time, IIR sheets with
high optical transparency and surface smoothness as well as the intrinsically low
permeability typical of IIR. We demonstrate that this new material is an effective barrier
layer to protect sensitive electronic materials and devices.

2.2. Results and Discussion
2.2.1. Preparation and Molding of Transparent IIR
Our methodology to fabricate smooth, transparent IIR (T-IIR) sheets for stretchable
electronics is a modification of a typical industrial manufacturing process.

Industrial

processes compound a poly(isobutylene-co-isoprene) copolymer with particulate fillers,
other additives, and a cross-linking agent (typically sulfur), and then mold the material into
the desired shape and cure using compression, injection, or transfer molding.[33] Our
process to form T-IIR uses peroxide curing rather than sulfur vulcanization to avoid
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incorporating sulfur and sulfur by-products in the rubber that can cause blooming or
discoloration.[35] Organic peroxides are known to cleave isobutylene-rich copolymers to
cause fragmentation and molecular weight reduction rather than cross-linking;[36]

we

avoided this problem by reacting a commercial brominated IIR (Bromobutyl 2030, which
has

0.8-1.5

mol%

isoprene)

with

the

phosphorus-based

nucleophile

diphenylphosphinostyrene (DPPS) to generate an IIR ionomer with pendant vinyl sites
(BB2030-DPPS) (Figure 2.1a) that preferentially undergo free radical oligomerization to
crosslink the material.[36-37] We compounded BB2030-DPPS with peroxide and then used
compression molding at 175 °C to create cross-linked T-IIR rubber sheets. Our molding
process produced 45-cm2 T-IIR sheets with a thickness of 0.5 mm; these dimensions can be
easily modified by changing the mold dimensions. The mechanical properties of T-IIR
elastomer are similar to those of PDMS, with a slightly lower Young’s modulus (0.41 MPa for
T-IIR vs 2.05 MPa for PDMS) (Table S2.1).[38]
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Figure 2.1. Preparation and characterization of T-IIR. a Synthesis of BB2030-DPPS ionomer.
b Transmission spectra of T-IIR molded against Teflon (red line) and PDMS-coated Al (green
line). c Photograph of T-IIR sheet molded against PDMS-coated Al. d AFM topographic image
of T-IIR molded against PDMS-coated Al).
High optical transparency is a key metric to enable the use of T-IIR in stretchable
optoelectronics.

Although T-IIR does not contain particulate fillers and is thus a

transparent material, standard methods of compression molding produce T-IIR sheets with
a high surface roughness, which diminishes the percentage of transmitted light due to
scattering. For example, compression molding T-IIR between two Teflon sheets enables the
easy release of T-IIR, but the high root-mean-square (RMS) surface roughness of 167.5
± 2.9 nm (Figure S2.1a) imparted to the T-IIR sheet from the Teflon during the molding
process results in a % transmittance of only 15% at 550 nm (Figure 2.1b). On the other
hand, replacing the Teflon sheets with highly smooth silicon wafers or glass plates treated
with a fluorinated silane release layer results in sticking of the molded T-IIR to the silicon or
glass surfaces, making separation of the T-IIR from the mold difficult and damaging the TIIR surfaces (Figure S2.1b). We therefore designed a compression mold with smooth
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surfaces that, at the same time, released the cured T-IIR without sticking. We coated an
aluminum sheet with a thin layer (~25 µm) of PDMS by spin-coating.

Although the

aluminum surface is rough (RMS roughness = 50.1 ± 13.4 nm, Figure S2.1c), spin-coating
PDMS on the surface fills in the rough topography to produce a smooth PDMS surface (RMS
roughness = 1.5 ± 0.3 nm, Figure S2.1d) with the typical low surface free energy of PDMS.[21]
Compression molding T-IIR against PDMS-coated aluminum produces smooth T-IIR (Figure
2.1d, RMS roughness = 3.9 ± 0.6 nm) that separates easily from the mold. This surface
smoothness corresponds to 80% transmittance at a wavelength of 550 nm (Figure 2.1b);
the photograph in Figure 2.1c demonstrates the clarity of molded T-IIR. In comparison,
PDMS sheets formed using a standard method of curing against the smooth surface of a
polystyrene Petri dish have similar surface smoothness (RMS roughness = 1.4 ± 0.3 nm) but
are more transparent (100% at 550 nm). The lower % transmittance of T-IIR can be
attributed to the slightly yellow color that results from the heat history of the product. The
biggest difference between T-IIR and PDMS, however, is gas permeability. We measured
oxygen permeation through T-IIR and PDMS, and found that the permeability of T-IIR (216
± 3 cc-mm/m2-day-atm) is an order of magnitude lower than that of the best-performing
PDMS sample (4500 cc-mm/m2-day-atm).

2.2.2. T-IIR as a Gas-Diffusion Barrier for Organic Electronic
Materials and Devices
The lower gas permeability of T-IIR compared to that of PDMS can be exploited to
protect organic electronic materials from atmospheric degradation. We compared the
protective capabilities of T-IIR and PDMS as laminated encapsulants for passive films of the
methylammonium lead mixed-halide perovskite CH3NH3PbI3−xClx, an absorber material used
in solar cells. This perovskite material provides high power conversion efficiencies (>
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20%);[39] however, it decomposes when exposed to moisture and heat, which hinders its
potential use in commercial solar cells.[40-41] Pristine perovskite films on glass prepared in
an inert, dry atmosphere show a strong characteristic absorption of the CH3NH3PbI3−xClx
perovskite structure in the visible region of 750 to 450 nm of the UV-vis absorption
spectrum (Figure 2.2a).[40] To compare the barrier properties of PDMS and T-IIR, we
laminated sheets of T-IIR and PDMS over the surfaces of pristine perovskite films on glass to
create T-IIR/perovskite/glass and PDMS/perovskite/glass structures. We heated these
structures, along with a bare perovskite film as a control, to 75 °C at 100% relative humidity
(RH) in a controlled chamber and then characterized the films using UV-vis spectroscopy. It
was necessary to peel away the T-IIR film after treatment to avoid the contribution of the TIIR absorption at 350 – 450 nm (Figure S2.2) to the UV-vis spectrum of the perovskite.
After 24 h of treatment, the characteristic absorption of the perovskite material of the bare
and PDMS-laminated films disappeared (Figure 2.2a) with a concomitant change in the
color of the films from dark brown to yellow. Previous studies have demonstrated that
water molecules infiltrate the perovskite crystal structure to hydrogen bond to the
methylammonium cations and cause bond dissociation within the crystal, leaving behind a
residual layer of yellow lead iodide.[40] Since the glass substrate is impermeable, it is clear
that water molecules readily permeated through the PDMS encapsulation. In contrast, the
impermeability of T-IIR protected the perovskite films from moisture incursion. These
films retained the color and characteristic absorption of undamaged perovskite (Figure
2.2a). The small decrease in absorption intensity likely resulted from the inadvertent loss
of perovskite material from the film when the T-IIR layer was removed to collect the
absorption spectrum. Support for this reasoning comes from spectra collected after 48 h of
heat and humidity treatment, which showed no further loss compared to 24 h of treatment.
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Figure 2.2. T-IIR as a gas-diffusion barrier for organic electronic materials and devices. a
UV-vis absorption spectra of mixed-halide perovskite films on glass. Films heated to 75 °C at
100% RH: T-IIR-encapsulated film treated for 24 h (green line) and 48 h (blue line); PDMSencapsulated film treated for 24 h (red line); film without encapsulation treated for 24 h
(purple line). Pristine, untreated perovskite film (black line). b Diagram of encapsulated LEEC
(layer thicknesses not to scale). c, d Evolution of current (solid line) and radiance (dashed line)
response before (red lines) and after (black lines) humidity treatment for LEECs encapsulated
with (c) PDMS and (d) T-IIR.
T-IIR is not only more effective than PDMS at protecting sensitive compounds from
atmospheric degradation, it also is more effective at preserving energized organic electronic
materials in functioning organic light-emitting devices. We used LEECs based on an ionic
ruthenium emissive complex for this demonstration due to the sensitivity of these devices
to moisture.[24] LEECs are architecturally simple, three-layer devices that sandwich an
emissive material consisting of a mixture of ionic and electronic conductors between two
electrodes.[42-43]

The simplicity of the LEEC architecture has enabled intrinsically

stretchable devices.[3-5] The emissive material can be a semiconducting polymer blended
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with a solid electrolyte that provides mobile ions,[43] or an ionic transition metal complex
such as Ru(dtb-bpy)3(PF6)2, which is both an electronic and ionic conductor.[42] Application
of a voltage causes the migration of ions in the emissive material to the electrodes,
producing high electric fields at these interfaces and lowering the barrier to charge
injection.[44] For this reason, LEECs do not require a low work function, air-sensitive metal
as the cathode, unlike OLEDs. The moisture sensitivity of Ru-based LEECs comes from the
ruthenium complex itself: Ru-based LEECs exhibit irreversible photoluminescence decay
due to a quenching species – an oxo bridged dimer with two coordinated water molecules –
that forms during device operation in ambient conditions.[24] We fabricated LEECs under
inert conditions in a glove box by spin-coating a solution of Ru(dtb-bpy)3(PF6)2 and
polymethylmethacrylate (PMMA) onto patterned ITO electrodes on glass, and then
deposited gold top contacts by e-beam evaporation through a shadow mask (Figure S2.3).
We encapsulated the devices by laminating sheets of T-IIR and PDMS over the surface
(Figure 2.2b). The device characteristics of encapsulated LEECs were similar to those of
LEECs without encapsulation when the devices were tested in an inert atmosphere, with
maximum radiance of ~3 µW and external quantum efficiencies (EQEs) of ~0.03% (Table
2.1 and Table S2.2; Figure 2.2c, d; Figure S2.4). The application of a constant dc voltage
causes an initial peak dc current response due to charge flow, followed by a slow,
continuous downward trend that defines the lifetime of the device. Radiance typically
follows the trend of the current curve. We then exposed encapsulated devices to 100% RH
at room temperature for 3 h. Water vapor permeation through the PDMS layer irreversibly
damaged the devices: Application of a voltage did not result in the characteristic current
curves and slow downward decay typical of undamaged devices; rather, a series of sporadic
charging and discharging events occurred, evidenced by low-intensity, short-lived radiance
surges (Figure 2.2c). The EQE dropped by a factor of > 1000. In contrast, T-IIR protected
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the devices from moisture incursion, maintaining a high device yield (90%) and device
characteristics that were unchanged from devices tested in an inert atmosphere (Table 2.1,
Figure 2.2d).

Table 2.1. Characteristics of LEECs encapsulated with T-IIR and PDMS before and after
humidity exposure.
T-IIR Encapsulated Devices

PDMS Encapsulated Devices

Before exposure

After exposure

Before exposure

After exposure

Average maximum radiance (µW)

2.53 ± 0.23

2.71 ± 0.68

2.88 ± 0.16

0.04 ± 0.02

Average current (mA)

1.46 ± 0.48

1.57 ± 0.38

2.25 ± 0.50

34.07 ± 10.70

Average maximum EQE (%)

0.03 ± 0.01

0.03 ± 0.01

0.02 ± 0.004

(1.5 ± 1.0) x 10-5

2.2.3. T-IIR as a Gas-Diffusion Barrier to Metal Corrosion
Stretchable electronic devices often use gold films as device interconnects and
contacts. Although freestanding gold films typically fracture at a few percent tensile strain,
depositing thin gold films on the surface of PDMS suppresses the strain localization that
causes necking and rupture, enabling the film to remain conductive with stretching.[15,45]
Configuring the metal film into serpentine patterns or out-of-plane structures increase the
elongation at electrical failure to enable highly stretchable electronics.[16,46-47] Stretchable
electronics has relied on gold as the metal of choice because it is chemically inert and not
easily oxidized, thus its conductivity remains stable even in high humidity or corrosive
environments.[48]

However, an important motivation for stretchable electronics is the

development of low-cost, lightweight electronics that can be deployed seamlessly in
everyday life. A necessity for this vision of ubiquitous electronics is the replacement of gold
with less costly and more abundant metals such as copper or silver; however, these metals
readily corrode in atmospheric conditions by processes that are sensitive to environmental
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factors such as temperature, humidity, and the presence of ubiquitous pollutants.[49] We
compared the ability of T-IIR and PDMS to protect films of silver and copper from corrosion
by laminating T-IIR and PDMS over the surfaces of 250-Å-thick copper and silver films
patterned into 1-mm-wide wires on glass, and then exposing the structures to 100% RH to
accelerate the corrosion.[49] After 7 days of exposure, optical micrographs of the copper and
silver thin-film wires encapsulated using PDMS revealed a patina consistent with corrosion
(Figure 2.3b, e), whereas wires encapsulated using T-IIR appeared unchanged from the
original, unexposed films (Figure 2.3a, c, d, f). We quantified the effect of corrosion by
measuring the resistance of copper and silver thin-film wires encapsulated with PDMS and
T-IIR at 24-hour intervals of exposure to 100% RH, and plotting the ratio of the measured
resistance to the initial resistance (R/R0) versus time in days (Figure 2.3g, h). Copper and
silver films encapsulated with PDMS became non-conductive after periods ranging from 5 –
9 days. The resistance of the best samples increased abruptly after 8 days, and became
essentially infinite thereafter (Figure 2.3g, h, insets). In contrast, T-IIR was substantially
more effective at protecting the metal films from corrosion: R/R0 of copper films remained
< 2.2 after 150 days; for silver, R/R0 was < 1.2 after 360 days (Figure 2.3g, h). We further
illustrated the protective abilities of T-IIR by constructing circuits on glass consisting of an
LED in series with two silver thin-film wires, laminating the surfaces with either PDMS or TIIR, and exposing the laminated circuits to 100% RH. The circuit initially demonstrates a
total voltage drop (VT) of 1.9 ± 0.1 V when biased with a current of 1 mA. We measured VT of
the circuits after 24-hour intervals of exposure to 100% RH (Figure 2.3i). VT for the bestperforming PDMS-encapsulated sample increased to 40 V after 10 days, which indicates
that corrosion of the silver wires increased the resistance of the circuit and thus VT. In
contrast, VT for circuits encapsulated with T-IIR was 2.5 V after 10 days, and remained < 5 V
even after 20 days.

We tested the protective abilities of T-IIR using more forcing
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environmental conditions by fully immersing circuits laminated with PDMS and T-IIR under
water. The LEDs of PDMS-laminated circuits failed to emit light after 9 hours of immersion,
whereas T-IIR protected circuits from water-induced failure for > 180 hours.
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Figure 2.3. T-IIR as a gas-diffusion barrier to metal corrosion. a-f Optical micrographs (scale
bars = 200 µm) of 250-Å-thick (a) copper and (d) silver films on glass before treatment with
100% RH; (b) copper and (e) silver films encapsulated with PDMS and exposed to 100% RH for
7 days; (c) copper and (f) silver films encapsulated with T-IIR and exposed to 100% RH for 7
days. g, h Plots of resistance change versus time for (g) copper and (h) silver films
encapsulated with T-IIR and PDMS (inset), and treated with 100% RH. i Plot of voltage drop
across LED circuits treated with 100 % RH with a PDMS (blue line) and T-IIR (green line)
encapsulating layer. j Photograph of LED circuit with T-IIR encapsulating layer before (inset)
and after 180 hours of immersion in water.
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We used an extremely corrosive environment to challenge the superior barrier
properties of T-IIR compared to those of PDMS. We used films of silver nanowires (AgNWs)
as the passive sensor for this testing. Transparent and conductive AgNW films are leading
candidates to replace the standard transparent conductor, indium tin oxide (ITO), as
transparent electrodes in optoelectronic devices. AgNW films deposited from solution
using low-cost methods such as drop casting or spray coating produce films with
conductivities and transparencies that rival or surpass those of ITO.[50] Furthermore, AgNW
films deposited on elastomers possess good stretchability, and thus have been used as
transparent conducting electrodes in stretchable light-emitting devices and solar cells.[5,8,51]
To stress test T-IIR encapsulation layers, we formed AgNW films onto glass substrates by
simply drop casting AgNW suspensions in ethanol. These AgNW films consist of a uniform
distribution of AgNWs on the surface, exhibit a signature absorbance peak at 365 nm,[52] and
have a sheet resistance of 10.8 ± 2.4 W/sq (Figure 2.4a, b). We laminated T-IIR and PDMS
over these films to create T-IIR/AgNW/glass and PDMS/AgNW/glass structures, which we
then exposed to the corrosive vapor of nitric acid in a closed container for 12 h. AgNW films
encapsulated with PDMS were no better than unprotected films after the vapor treatment:
Neither unprotected nor PDMS-protected films exhibited the characteristic absorption at
365 nm (Figure 2.4a), and the films were no longer conductive.

Optical microscopy

revealed that nitric acid vapor permeation through the PDMS etched the AgNW film,
destroying the structure of the AgNWs and eliminating the percolation pathways through
the film (Figure 2.4c). In contrast, T-IIR protected AgNW films from such damage: The
transmittance spectrum, film morphology, and sheet resistance (13.2 ± 1.8 W/sq) all
remained essentially unchanged after vapor treatment (Figure 2.4a, d). We challenged the
barrier properties of T-IIR even further by replacing the impermeable glass substrate with
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T-IIR to create the sandwich structure T-IIR/AgNW/T-IIR.

Nonetheless, the sheet

resistance and film morphology remained unchanged after exposure to nitric acid vapor for
12 h (Figure S2.5).
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Figure 2.4. T-IIR as a barrier to corrosive nitric acid vapor. a, UV-vis transmittance spectra
of AgNW films before exposure to nitric acid vapor (black line), and after 12 h exposure to
nitric acid vapor with no encapsulating layer (blue line), with a T-IIR encapsulating layer
(green line), and with a PDMS encapsulating layer (red line). b-d, Optical microscope images
of AgNW films on glass (scale bars = 40 µm) (b) prior to nitric acid vapor exposure, (c) with a
laminated PDMS barrier and exposed to nitric acid vapor for 12 h, (d) with a laminated T-IIR
barrier and exposed to nitric acid vapor for 12 h.

2.3. Conclusions
Since its discovery in 1937, butyl rubber has been a ubiquitous elastomer in
everyday applications that require airtight, stretchable materials. In this paper, we have
reported the first example of transparent butyl rubber produced by molding a new, filler61
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free, and peroxide-curable IIR formulation. We have furthermore shown that this new
material has a potentially revolutionary role to play in technology due to its combination of
high gas impermeability, stretchability, and optical transparency and clarity. We have
presented demonstrations to clearly illustrate that T-IIR is a far more effective barrier to
moisture, oxygen, and even corrosive vapors than PDMS.

T-IIR and PDMS thus have

complementary roles to play in the field of stretchable electronics: T-IIR protects electronic
materials and devices from moisture, oxygen, and corrosive vapors; therefore, it may enable
stretchable devices built using sensitive organic materials or readily-oxidized metals, such
as OLEDs and OPVs, to reach practical lifetimes. In contrast, PDMS is a highly permeable
layer that is better suited to applications requiring breathability, such as skin-mounted and
bioimplantable electronics.

2.4. Experimental
2.4.1. Materials
Bromobutyl 2030 was obtained from LANXESS, Inc.

Poly(dimethylsiloxane)

(PDMS) (Sylgard 184) was obtained from Dow Corning, Midland, MI. Aluminum sheets
(3003 series) were obtained from Essex Metals, ON, Canada. All other chemicals were
obtained from commercial sources and used as received.

2.4.2. Preparation of Compression Molding Surfaces
7.0 cm × 6.5 cm aluminum sheets (0.6 mm thick) were cleaned by swabbing with
acetone and isopropanol, followed by oxidation in a UV ozone cleaner for 5 min. PDMS
prepolymer (polymer:curing agent, 10:1) was then spin-coated on the aluminum surface in
step speeds of 1500 rpm for 20 s and 2500 rpm for 30 s, followed by curing in a 60 °C oven
for 1 h.
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2.4.3. T-IIR Compounding and Molding
100 g Bromobutyl 2030 was added to a Brabender internal mixer equipped with
high shear (roller) blades at 60 °C and 60 rpm. The rubber was masticated alone for 60 s,
followed by addition of 5 g DPPS. After an additional 4 min of mixing, 0.3 g peroxide
(Trigonox 101-45B-PD-AM, Akso Nobel) was added. After 6 min of mixing, 10 g of the
compound was placed in the mold between the molding masters spaced to provide T-IIR
sheets with ~0.5 mm thickness. The mold was placed in a manual Carver press with the
platens set to 175 °C under 20 tons of pressure, and cured for 8 min.

2.4.4. Barrier Studies
PDMS and T-IIR barriers were laminated on top of films of the organic-inorganic
perovskite CH3NH3PbI3−xClx, light-emitting electrochemical cells (LEECs), 250-Å-thick films
of copper and silver on glass, and films of AgNWs. The encapsulated films and devices were
exposed to humid air (perovskite films and LEECs), and nitric acid vapor (AgNW films), and
then compared using characterization techniques. Detailed information on film and device
preparation and characterization methodology is provided in the supporting information.

2.4.5. Characterization
AFM images were obtained using a Digital Instruments Multimode atomic force
microscope in tapping mode. The measurements were carried out using Veeco type FESP
cantilever with a nominal tip radius of 8 nm and a nominal force constant of 2.8 N/m. AFM
images were collected over a 13 µm x 13 µm scan area using a scan rate of 0.5 Hz and a
scanning resolution of 512 samples/line. RMS roughness values from three different areas
of a sample were averaged. Stress/strain properties were tested using a T2000 tensile
tester and the ASTM D412 procedure; reported values are the median of three
measurements. Hardness was tested using a Shore A Hardness Tester according to ASTM
D2240; reported values are the median of five measurements. Permeability was measured
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using a Mocon Ox-Tran Model 2/61 permeation test system. The thickness of the samples
was measured at five points, and samples were discarded if thickness differences between
any of these five points differed by > 25%. The samples were preconditioned with oxygen
for 10 h in the instrument prior to permeation measurements. Oxygen permeation was
measured at 40 °C and 0 % relative humidity over 3 - 5 cycles of 20 min each to determine
the permeability (in cc-mm/m2-day).

The high permeability of PDMS to oxygen gas

swamped the detector; the reported permeability is for the best sample (i.e., the lowest
permeability value we measured). Transmittance and absorption spectra were measured
using a Varian Cary 50 UV-Visible Spectrophotometer.
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2.6. Supporting Information
2.6.1. Additional Experimental Information
2.6.1.1. General Comments
Materials: Ru(dtb-bpy)3(PF6)2 and CH3NH3PbI3−xClx were synthesized according to
previously published methods.[1,2] Silver nanowire (AgNW) stock dispersions (10 mg/mL in
ethanol) were purchased from Blue Nano Inc. Indium tin oxide (ITO) on glass (15-25 W/sq)
(Delta Technologies). Patterned indium tin oxide (ITO) was obtained from Thin Film
Devices, Inc., CA. Conductive copper tape was obtained from Ted Pella, Inc., CA. AFM
images were processed using WSXM 5.0 Develop 8.0 software.[3]

Preparation of Fluorinated Glass Molding Masters: We deposited SAMs of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane on UV ozone (Jelight UV Ozone cleaner, Model
No. 42A) cleaned glass plates using vapor deposition for 20 h in a vacuum desiccator.

2.6.1.2. Barrier Studies
Organic-Inorganic Perovskite (CH3NH3PbI3−xClx) Films: 0.500 g CH3NH3I and
0.292 g lead (II) chloride (PbCl2) were mixed in 3 mL anhydrous N,N-dimethylformamide
(DMF) and heated at 60 °C for 24 h with stirring to prepare the mixed-halide perovskite
(CH3NH3PbI3−xClx) solution.

The CH3NH3PbI3−xClx solution was then spin-coated on UV

ozone cleaned glass substrates at 1500 rpm for 45 s. PDMS and T-IIR barriers (0.5 mm
thick) were then laminated on top of the films. The samples were treated with 100% RH at
75 °C in a Cincinnati Sub-Zero humidity and temperature control chamber. Absorption
spectra were measured using a Varian Cary 50 UV-Visible Spectrophotometer. The T-IIR
barrier was removed prior to spectrum acquisition to avoid the contribution of the T-IIR
absorption to the spectrum (Figure S2.2).
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Light-Emitting Electrochemical Cells: Patterned ITO glass substrates were
sonicated for 15 min in deionized H2O and 15 min in isopropanol followed by treatment
with UV ozone for 5 min. The Ru(dtb-bpy)3(PF6)2/PMMA emissive layer (3:1 v/v mixture of
a 40 mg/mL solution of Ru(dtb-bpy)3(PF6)2 in acetonitrile and a 25 mg/mL solution of
PMMA in acetonitrile) was then spin-coated (1000 rpm for 30 s) on patterned ITO in a glove
box. The edges of the patterned ITO were swabbed using acetonitrile to expose parts of the
ITO to be used as electrodes in the device. The resulting film was then annealed in an oven
overnight at 120 °C. 500 Å gold electrodes were then directly deposited on the Ru(dtbbpy)3(PF6)2/PMMA emissive layer through a stainless steel shadow mask by electron beam
evaporation. The rate of evaporation was increased stepwise from 0.5-1.0 Å/s. PDMS and
T-IIR barriers were then laminated on top of the LEECs, and the edges of the barrier layers
were sealed using polyimide tape. The Au and ITO pattern served as six individual devices
on a single glass substrate (Figure S2.3). Three out of six devices on each glass substrate
were characterized in an inert atmosphere (glovebox) prior to humidity treatment. The
remaining three devices were characterized after exposure to 100% RH in the humidity
controlled chamber for 3 h at 25 °C. LEEC devices were characterized using a voltage of 5 V
DC.

Radiance was measured using an integrating sphere and a calibrated UDT S470

optometer. Current was measured using a Keithley 2601A SourceMeter.

Copper and Silver Films: Glass substrates (2.5 cm x 2.5 cm) were cleaned by
sonication in deionized H2O and isopropanol for 15 min each in a sonicator followed by
treatment with UV ozone for 5 min. 15 Å of titanium as an adhesion layer followed by 250 Å
of copper or silver was deposited in an e-beam evaporator at a deposition rate of 2 Å/s onto
the glass substrate through a shadow mask comprising 1 mm x 10 mm openings. PDMS and
T-IIR barriers were then laminated on top of the copper and silver thin-film wires, and the
edges of the barrier layers were sealed using polyimide tape. The LED circuits were
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fabricated by depositing two 250 Å thick Ag wires (2 mm x 20 mm) on glass, and then
connecting these thin-film wires in series with a surface mount LED (Lumex Standard LED,
1206) using conductive adhesive (Effective Shielding, PA). The LED circuits were laminated
using PDMS and T-IIR barrier layers and operated with a current source of 1mA. The
encapsulated wires and LED circuits were exposed to 100% RH in a humidity control
chamber. For underwater testing, LED circuits were fabricated by depositing four 250-Åthick Ag wires (2 mm x 20 mm) on glass and then connecting these thin-film wires in series
with two surface mount LEDs and a 250 W surface mount resistor (KOA Speer). PDMS and
T-IIR barrier layers were then laminated on top of the LED circuits, and the edges of the
barrier layers were sealed using polyimide tape. The LED circuits were then immersed in
water in a beaker, and operated at 5 V DC. Optical inspection was carried out using an
Olympus BX51M optical microscope. Optical micrographs were captured using an Olympus
Qcolor 3 digital microscope camera.

Resistances of encapsulated wires and voltage drop

across encapsulated LED circuits were recorded using Keithley Sourcemeter.

Silver Nanowire (AgNW) Films: Glass slides were cleaned by sonication in
deionized H2O and isopropanol for 15 min each in a sonicator followed by treatment with
air plasma for 1 min at an air pressure of 10 psig and a flow rate of 9.2 mL/min at medium
discharge setting. T-IIR substrates were sonicated in acetone and isopropanol for 10 min
each, and then treated with oxygen plasma for 15 min at O2 pressure of 10 psig and flow
rate of 10.6 mL/min at medium discharge setting. The oxidized T-IIR substrates were
swabbed with isopropanol and dried in a stream of nitrogen. The AgNW dispersion was
diluted in anhydrous ethanol to 0.6 mg/mL and sonicated for 20 s to reduce AgNW
aggregation. The dispersion (0.3 mL) was then drop cast onto the oxidized glass surfaces
and T-IIR[ox] surfaces. The samples were allowed to dry on a KS 130 basic (IKA) shaker at
160 rpm at room temperature. A 0.5-cm-wide border was swabbed with isopropanol to
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remove nanowire aggregates around the edge of each sample, and then dried under a
stream of nitrogen. PDMS and T-IIR barriers were laminated onto the AgNW films on glass,
and T-IIR barriers were laminated onto the AgNW films on T-IIR[ox]. The barrier layers were
allowed to wet the 0.5-cm-wide border of the substrate surrounding the film, forming a seal
around it. The laminated AgNW samples were placed in a vapor chamber along with
unprotected AgNW reference samples. 10 drops of HNO3 were added to the chamber, and
the samples were exposed to HNO3 vapor for 12 h, removed from the chamber, and the
barrier layers were then carefully removed from the samples. Optical inspection was
carried out using an Olympus BX51M optical microscope with dark field illumination.
Optical micrographs were captured using an Olympus Qcolor 3 digital microscope camera.
Sheet resistance measurements were carried out using a four-point wire setup. A minimum
of three measurements from three samples were averaged.

Absorption spectra were

measured using a Varian Cary 50 UV-Visible Spectrophotometer.

Table S2.1. Comparison of mechanical properties of T-IIR and PDMS.

[a]

Physical property

T-IIR

PDMS[a]

Hardness (Shore A)

40

48.3

Tensile strength (MPa)

3.51

6.25

Ultimate elongation (%)

170

120

Young’s Modulus @ <40 % strain (MPa)

0.41

2.05

Values for PDMS cured at 100 °C taken from reference [4].
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Figure S2.1. AFM topographic images of (a) T-IIR molded between Teflon sheets; (b) T-IIR
molded between glass substrates; (c) Al sheet and (d) PDMS-coated Al sheet.
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Figure S2.2. UV-vis absorption spectrum of T-IIR (dashed line) and T-IIR/perovskite/glass
(solid line).
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Figure S2.3. (a) Diagram of LEEC devices used for barrier studies. (b) Photograph of a T-IIRlaminated LEEC.
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Figure S2.4. Evolution of current (solid line) and radiance (dotted line) response over a 30minute testing period for an unencapsulated LEEC characterized under inert conditions.

Table S2.2. Characteristics of LEECs with no encapsulating layer characterized under inert
conditions.
Average radiance (µW)

2.64 ± 0.31

Average current (mA)

1.52 ± 0.28

Average maximum EQE (%)

0.03 ± 0.003
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a

b

20 µm
20 µm
Rs = 6.3 ± 1.2 Ω/sq
Rs = 6.5 ± 1.2 Ω/sq
Figure S2.5. Optical microscope images of AgNW films sandwiched between T-IIR (a) before
and (b) after 12 hours of nitric acid vapor exposure.
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3.1. Introduction
Stretchable electronic devices are built to function during stretching, bending, and
twisting.[1,

2]

This field of research has produced exciting new technologies that are

conformable, wearable, or implantable into the body, such as stretchable light-emitting
devices and displays,[3-7] organic photovoltaics (OPVs),[8] wearable strain sensors and health
monitors,[9-11] and implantable biosensors.[12] The key to producing stretchable devices is
the careful integration of functional electronic materials with elastomeric substrates,[13]
usually by depositing thin films of the desired functional material onto the surface of the
elastomer. These films retain electrical function during stretching by manipulating the
pattern of crack formation in the film with stretching;[14-17] structuring the films on the
elastomer surface into serpentine patterns, fractal-inspired layouts, topographic buckles, or
pop-up structures;[18-22] or designing new functional materials that are intrinsically
stretchable.[23]

Regardless of the method used, the interface between the electronic

material and elastomer is a critically important parameter. The electronic material must
effectively wet the elastomer surface to form a film in the first place; moreover, the
adhesion between the two materials defines how well the structure retains electrical
functionality with strain. When the structure is stretched, strain localization in a poorly
adhered film results in delamination from the elastomer surface to form free-standing
regions that experience large local strains and fracture easily, leading to the formation of
channel cracks that propagate along the film and destroy pathways for charge transport.[2326]

On the other hand, strong adhesion between the film and elastomer suppresses strain

localization and delamination, allowing the film to deform uniformly and limiting crack
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propagation.[14, 27, 28] It is therefore crucial to be able to modify the chemistry and free
energy of the elastomer surface to facilitate wetting and adhesion.
Poly(dimethylsiloxane) (PDMS) has been the elastomer of choice for stretchable electronics
for several reasons, such as optical transparency (100% transmittance @550 nm),
commercial availability, and simple molding procedures.[29]

Most importantly, it is

remarkably easy to modify and tailor the surface chemistry of PDMS to enable film wetting
and adhesion (Scheme 3.1a). Simple air or oxygen plasma treatment of PDMS creates a thin,
hydrophilic silicate layer (qH2O < 20°) on the surface that enables wetting and adhesion of
materials.[30] Furthermore, the -OH terminal groups of the silicate surface readily react with
w-functionalized organosilanes through condensation reactions to form self-assembled
monolayers (SAMs) that are anchored by Si-O-Si siloxane bonds and present specific
functional groups to enable the deposition and adhesion of materials.[31, 32] For example,
thiol-terminated silane SAMs on PDMS act as an interfacial adhesion layer to bind metal
films to the PDMS surface through the formation of covalent metal-sulfur bonds.[33, 34]
Amino-terminated silanes on PDMS bind colloidal catalysts to enable the electroless
deposition of stretchable copper films on the surface,[35] or act as a base layer for the
deposition of transparent and conductive carbon nanotube films.[36] Organosilane initiator
molecules on PDMS can be used to initiate the growth of polymer brushes on the surface.[37,
38]
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Scheme 3.1. - Surface modification of (a) PDMS and (b) T-IIR and subsequent formation of an
organosilane SAM.
The ease with which the surface properties of PDMS can be modified is undeniably a
strong motivator for the use of PDMS in stretchable electronics; however, it is a bulk
property – gas permeability – that is the most significant detriment to PDMS in many
stretchable electronics applications. We recently reported that the high permeability of
PDMS to oxygen and water vapor readily permits the oxidation and/or hydrolysis of organic
device materials such as semiconducting organic molecules and polymers, and the oxidation
and corrosion of metals such as silver or copper,[39] which will curtail the lifetime of devices
such as organic light-emitting devices and organic photovoltaics.[40-42]

To solve this

problem, we have reported a new elastomer for stretchable electronics that possesses an
intrinsically low gas permeability to protect sensitive device components. This material is a
new formulation of butyl rubber (poly(isobutylene-co-isoprene) IIR) consisting of a
peroxide-cured IIR ionomer that can be compression molded to produce optically
78

Chapter 3: Developing the Surface Chemistry of Transparent
Butyl Rubber for Impermeable Stretchable Electronics
transparent (80% transmittance @550 nm) and clear butyl rubber sheets.[39] Like the
conventional butyl rubber typically used in automobile tires and pharmaceutical stoppers,
the high gas impermeability of this new transparent butyl rubber (T-IIR) arises from methyl
groups on the polymer backbone, which impede the movement of the polymer chains and
reduce the ability of gas molecules to pass through the material.[43,

44]

The oxygen

permeation rate of T-IIR (216 ± 3 cc-mm/m2-day) is more than an order of magnitude
lower than that of PDMS (4500 cc-mm/m2-day). We have demonstrated that T-IIR is an
effective gas-barrier layer that vastly outperforms PDMS when used as an encapsulant to
protect sensitive electronic materials and devices from degradation due to gas
permeation.[39]
For T-IIR to be used as a high-gas barrier elastomer in stretchable electronics,
however, it must advance from being used simply as an encapsulant to functioning as a
substrate for device fabrication. It is therefore critical to develop methods to modify the
surface chemistry of T-IIR to enable wetting and adhesion of functional device materials. TIIR surface modification, however, is not trivial.

Simply implementing the surface

modification protocol used for PDMS is complicated by the fact that T-IIR is a hydrocarbon
elastomer that cannot form a hydrophilic silicate layer on its surface by simple plasma
oxidation. Moreover, plasma and chemical (chromic acid or potassium permanganate)
oxidation both damage T-IIR, producing oxidized products of chain scission that remain
physisorbed on the surface.[45] Here, we report a new process to modify the T-IIR surface in
which we use a combination of plasma treatment, solvent-assisted removal of physisorbed
scission products, and chemical treatment to deposit a hydrophilic silicate layer on the T-IIR
surface, creating a new layered composite (T-IIR[ox]/SiO2) that combines Si-OH surface
chemistry similar to that of oxidized PDMS with the favorable gas-barrier properties of bulk
T-IIR (Scheme 3.1b). We demonstrate that the Si-OH groups on the surface of T-IIR[ox]/SiO2
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composites react with organosilanes to form SAMs that enable the deposition of electronic
materials.

3.2. Results and Discussion
3.2.1. Plasma Oxidation of T-IIR
T-IIR is a naturally hydrophobic material with a static water contact angle of 95.5 ±
2.3°. We exposed T-IIR surfaces to oxygen plasma for times ranging from 6 to 20 minutes
and monitored the hydrophilicity of the surface by measuring contact angles (Figure 3.1).
Oxygen plasma treatment for 6 to 13 minutes initially decreases the water contact angle to
~68°; however, this decrease is due to the expected formation of oxidized bond scission
products that remain physisorbed on the surface. We found that swabbing the surface with
isopropanol easily removes these products to reveal an unoxidized T-IIR surface with a
water contact angle close to the initial value of ~95°. Increasing the oxidation time to ³ 15
minutes, however, is enough to chemically change the underlying interface.

After 15

minutes of plasma oxidation, the water contact angle initially decreases to 47.8 ± 3.2°; after
swabbing, the surface remains hydrophilic with a contact angle of 74.6 ± 1.7°. We designate
this surface as T-IIR[ox]. The contact angle of T-IIR[ox] is consistent with the presence of polar
groups at the surface, albeit in low density, which likely comprise a heterogeneous mixture
of oxidized functional groups (e.g., -OH, -COOH, ketone) (Scheme 3.1b).

The ATR-FTIR

spectrum of T-IIR[ox] appears relatively unchanged from that of native T-IIR, which is
expected given the low surface density of oxidized groups indicated by the contact angle
(Figure 3.2a, b). The slight increase in intensity of the broad peak in the region of 31003550 cm-1, which corresponds to O-H stretching vibrations, could be due to the introduction
of surface hydroxyl groups; however, the broadness of the O-H stretching region and
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possible differences in the amount of physisorbed water on the surface makes these
intensity comparisons unreliable.
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Figure 3.1. Static water contact angles of T-IIR (diamonds) and T-IIR swabbed with
isopropanol (squares) as a function of exposure time to oxygen plasma.

3.2.2. Silicate Layer Formation on T-IIR[ox]
The low density of polar groups formed from plasma oxidation of T-IIR produces a
surface that is neither highly wettable nor suitable for subsequent reactions with
organosilanes for surface modification. We therefore implemented an additional surface
treatment to increase the density of surface hydroxyl groups on the T-IIR[ox] surface. The TIIR[ox] surface is similar to the unselectively oxidized surface produced from plasma
oxidation of polyethylene (PE).[31]

Ferguson et al. demonstrated that exposure of this

surface to SiCl4 vapor in humid air results in the formation of a continuous layer of hydrated
SiO2 on the surface with a thickness of approximately 200 - 1000 A‹ depending on the
humidity conditions.[31] This silicate layer is chemically similar to the surface of oxidized
PDMS, and can support the formation of organosilane SAMs. We applied this treatment to T81
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IIR[ox] to generate T-IIR[ox]/SiO2 (Scheme 3.1b), and found that the formation of the SiO2 layer
provides a hydrophilic, -OH terminated surface that does not compromise the transparency
of the material. The water contact angle on T-IIR[ox]/SiO2 is < 20°, and the broad peak at
3100-3550 cm-1 in the ATR-FTIR spectrum can be attributed to O-H stretching vibrations of
the hydroxyl-terminated SiO2 layer (Figure 3.2c). The X-ray photoelectron spectroscopy
(XPS) survey scan of T-IIR[ox]/SiO2 shows peaks due to oxygen, carbon, and phosphorus,
consistent with the formulation of T-IIR, along with the 2s and 2p peaks of silicon attributed
to the SiO2 layer (Figure 3.3a). AFM imaging of the T-IIR[ox]/SiO2 surface reveals that plasma
oxidation and SiCl4 treatment roughens the surface from a root-mean-square (RMS)
roughness of 3.9 ± 0.6 nm for native T-IIR to 40.5 ± 8.7 nm for T-IIR[ox]/SiO2 (Figure S3.1).
This tenfold increase in roughness is similar to the roughness increase due to plasma
oxidation of PDMS (from 2.7 nm for native PDMS to 25.5 nm for oxidized PDMS).[47]
Nonetheless, the transmittance of T-IIR[ox]/SiO2 (72.1% at 550 nm) remains relatively
unchanged compared to native T-IIR (74.9% at 550 nm) (Figure S3.2).
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Figure 3.2. ATR-FTIR spectra of (a) native T-IIR, (b) T-IIR[ox], (c) T-IIR[ox]/SiO2, and (d) TIIR[ox]/SiO2/FOTS.
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Figure 3.3. XPS survey scans of (a) T-IIR[ox]/SiO2, and (b) T-IIR[ox]/SiO2/FOTS..

3.2.3. SAM Formation on T-IIR[ox]/SiO2
Similar to oxidized PDMS, T-IIR[ox]/SiO2 readily reacts with trichloro- and
trialkoxyorganosilanes to chemisorb an organosilane layer on the surface. We deposited
organosilane SAMs with a variety of terminal groups on the surface of T-IIR[ox]/SiO2 as a
proof of concept to demonstrate the successful surface modification of T-IIR. Exposing TIIR[ox]/SiO2 to 3-aminopropyltriethoxysilane (APTES), n-octadecyltrichlorosilane (OTS), 3mercaptopropyltrimethoxysilane

(MPTMS),

and

(1H,1H,2H,2H-

perfluorooctyl)trichlorosilane (FOTS) yields SAMs with contact angles that are typical of
each of these layers (Table 3.1).[48-51]

We further characterized the FOTS SAM on T-
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IIR[ox]/SiO2 (T-IIR[ox]/SiO2/FOTS) using XPS and ATR-FTIR spectroscopy. The XPS survey
scan of T-IIR[ox]/SiO2/FOTS shows peaks due to silicon, oxygen, and carbon, as well as the 1s
and 2s peaks of fluorine (Figure 3.3b). The FTIR-ATR spectrum of T-IIR[ox]/SiO2/FOTS
(Figure 3.2d, 3.4a) shows C-F stretching bands in the region of 1000-1400 cm-1, confirming
the presence of FOTS molecules on the surface.

Furthermore, the signal due to O-H

stretching at 3100-3550 cm-1 in the FTIR-ATR spectrum of T-IIR[ox]/SiO2 diminishes upon
formation of the FOTS SAM, consistent with the reaction of the surface hydroxyl groups with
FOTS to form Si-O-Si bonds to the surface.

Table 3.1. Static water contact angles of SAMs formed on T-IIR[ox]/SiO2.
SAM

q (H2O) (°)

T-IIR[ox]/SiO2/APTES

53.4 ± 6.0

T-IIR[ox]/SiO2/OTS

101.2 ± 0.9

T-IIR[ox]/SiO2/FOTS

107.5 ± 2.0

T-IIR[ox]/SiO2/MPTMS

64.7 ± 1.1

We treated T-IIR[ox] substrates with FOTS to confirm that the SiO2 layer of TIIR[ox]/SiO2 is necessary for SAM formation. The water contact angle of T-IIR[ox]/FOTS of
99.8 ± 1.1° and the C-F stretching vibration at 1148 cm-1 in the ATR-FTIR spectrum (Figure
3.4c) indicate that FOTS is present on the surface; however, both the water contact angle
and the intensity of the C-F peak are lower compared to those of T-IIR[ox]/SiO2/FOTS.
Furthermore, rinsing T-IIR[ox]/FOTS with toluene results in the loss of C-F stretching peaks
in the ATR-FTIR spectrum (Figure 3.4d), whereas the T-IIR[ox]/SiO2/FOTS spectrum remains
unchanged (Figure 3.4b).

Based on these results, we conclude that the SiO2 layer is

essential to covalently anchor the FOTS layer, enabling chemisorption of FOTS adsorbates.
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Omitting the SiO2 layer results in the formation of a physisorbed FOTS layer that can easily
be removed by rinsing.
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Figure 3.4. ATR-FTIR spectra of the 1400-1000 cm-1 region of (a) T-IIR[ox]/SiO2/FOTS, (b) TIIR[ox]/SiO2/FOTS after rinsing with toluene, (c) T-IIR[ox]/FOTS, and (d) T-IIR[ox]/FOTS after
rinsing with toluene.

3.2.4. Fabrication of Stretchable Gold Films on T-IIR[ox]/SiO2
The chemisorption of functionalized silanes on T-IIR[ox]/SiO2 provides robust
functional surfaces for the deposition of electronic materials and subsequent fabrication of
stretchable electronics. As a proof of concept, we demonstrate the fabrication of a
stretchable wire using an MPTMS SAM on T-IIR[ox]/SiO2 to bind a gold film to the surface.
MPTMS is a well-known molecular adhesive used to bind gold films to oxide surfaces
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through the formation of covalent gold-sulfur bonds at one end of the molecule and Si-O
bonds to the oxide surface at the other.[33, 52] MPTMS is a key component of nanotransfer
printing (nTP), an additive printing process in which a PDMS stamp is first coated with a
film of gold by e-beam evaporation, and then brought into conformal contact with a target
substrate functionalized with MPTMS.[34, 52] Covalent Au-S bonds form at the gold-MPTMS
interface, causing the gold film to remain adhered to the surface when the PDMS stamp is
subsequently peeled away.[33, 34, 52] We used nTP to transfer gold films from a PDMS stamp to
T-IIR[ox]/SiO2/MPTMS (Scheme 3.2). The transferred gold films exhibit good adhesion to the
T-IIR[ox]/SiO2/MPTMS surface and pass the tape test without transfer of gold to the surface
of the tape. Optical micrographs and resistivity measurements indicate that nTP transfers
gold films that are intact and undamaged to the T-IIR[ox]/SiO2/MPTMS surface: Optical
micrographs of gold films transferred to T-IIR[ox]/SiO2/MPTMS from a flat PDMS stamp
reveal uniform gold films without cracks or discontinuities (Figure 3.5a); furthermore, the
resistivity of the transferred gold films (2.9 ± 0.8 x10-8 W m) is equivalent to that of bulk
gold (2.3 x 10-8 W m).[53] We also transferred patterned gold films to T-IIR[ox]/SiO2/MPTMS
using microstructured PDMS stamps. In this process, only the raised regions of gold-coated
microstructured PDMS stamps come into contact with the T-IIR[ox]/SiO2/MPTMS surface,
creating a patterned film after removal. We transferred gold films with arrays of 20 µm x 20
µm square-shaped holes spaced 20 µm apart (Figure 3.5b) and 100 µm apart (Figure 3.5c);
50 µm x 50 µm square-shaped holes spaced 250 µm apart (Figure 3.5d); 20-µm-wide gold
lines with 20-µm-wide spaces (Figure 3.5e); and 50-µm-wide gold lines with 50-µm-wide
spaces (Figure 3.5f).
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Scheme 3.2. Nano-transfer printing of a gold film from a PDMS stamp to the surface of TIIR[ox]/SiO2/MPTMS.
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Figure 3.5. Optical micrographs of gold films prepared by nTP on T-IIR[ox]/SiO2/MPTMS using
(a) a flat PDMS stamp; and patterned PDMS stamps to produce gold films with (b) 20 µm x 20

µm square-shaped holes spaced 20 µm apart; (c) 20 µm x 20 µm square-shaped holes spaced
100 µm apart; (d) 50 µm x 50 µm square-shaped holes spaced 250 µm apart; (e) 20-µm-wide
gold lines with 20-µm-wide spaces; and (f) 50-µm-wide gold lines with 50-µm-wide spaces.
Stretchable metal films are important elements of stretchable electronics, where
they are used as device electrodes and interconnects. A typical fabrication method uses e88
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beam evaporation to deposit a thin layer of titanium or chromium metal as an adhesion
layer onto a PDMS substrate, followed by gold. These PDMS/gold wires develop cracks with
stretching, which interrupt the conductivity at 23% elongation.[15] We characterized nTP Au
wires (1 mm x 10 mm) on T-IIR[ox]/SiO2/MPTMS by measuring the electrical resistance as a
function of elongation. A plot of the percentage change in resistance as a function of
elongation (Figure 3.6) shows that the nTP gold wires remain conductive to 20% elongation.
Beyond this point, the resistance becomes essentially infinite; however, the nTP gold wires
regain conductivity with (R-R0)/R0 = 14.5 ± 2.5% after releasing the strain.

This

performance is similar to that of the reported gold wires deposited on PDMS using e-beam
evaporation:[15] Both structures exhibit a change in resistance of ~900% at 20% elongation
and become non-conductive at higher strains.
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Figure 3.6. Percentage change in resistance of nTP Au wires as a function of elongation, with
a photograph of a stretched nTP Au wire on T-IIR[ox]/SiO2/MPTMS stretched to 20% (inset).
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3.3. Conclusions
T-IIR has the potential to revolutionize the field of stretchable electronics. Its
excellent gas-barrier properties protect sensitive organic electronic devices from
degradation due to oxygen and moisture, which provides a route to stretchable devices with
practical lifetimes.

The surface modification methods developed here are critically

important to advancing T-IIR from a conformable device encapsulant to a substrate for the
direct fabrication of stretchable devices.

The combination of plasma treatment and

chemical surface modification described here can customize the wettability and chemical
properties of the T-IIR surface to enable the deposition of a variety of functional materials,
opening the way to robust, stretchable devices.

3.4. Experimental
3.4.1. Materials
All chemicals were obtained from Sigma-Aldrich and were used as received. T-IIR
substrates and PDMS stamps were prepared according to published procedures.[39, 46]

3.4.2. Fabrication of T-IIR[ox]/SiO2 Substrates
T-IIR substrates (~0.5 mm thick, 6.0 × 6.0 cm2) were sonicated in acetone and
isopropanol for 10 min each, and then treated with oxygen plasma for 15 min in a Harrick
plasma cleaner at O2 pressure of 10 psig and flow rate of 10.6 mL·min-1 at medium discharge
setting.

The oxidized samples were swabbed with isopropanol, dried in a stream of

nitrogen, and suspended for 30 s over a glass Petri dish containing 0.1 mL of silicon
tetrachloride in ambient conditions. The samples were then soaked in DI H2O for 10 min,
and dried in a stream of nitrogen.
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3.4.3. Fabrication of Self-Assembled Monolayers (SAMs)
SAMs

of

trichloro(1H,1H,2H,2H-perfluorooctyl)silane

(FOTS),

3-

mercaptopropyltrimethoxysilane (MPTMS), and n-octadecyltrichlorosilane (OTS) were
deposited on T-IIR[ox]/SiO2 substrates suspended over a 250 mL beaker containing 3-5
drops

of

organosilane

in

a

vacuum

desiccator

for

20

h.

SAMs

of

3-

aminopropyltriethoxysilane (APTES) were deposited by immersing T-IIR[ox]/SiO2 substrates
in 1% v/v APTES solution in DI H2O for 10 min.

3.4.4. Nanotransfer Printing (nTP)
A 1000-Å-thick film of Au was deposited by e-beam evaporation at a rate of 2.0 Å/s
onto a PDMS stamp or through a stainless steel mask with 1 mm x 10 mm opening onto a
flat PDMS stamp.

The PDMS stamps were then brought into conformal contact with

MPTMS-treated T-IIR[ox]/SiO2 for 1 min.

Fast removal of the stamp from the T-

IIR[ox]/SiO2/MPTMS substrate completes the transfer of the Au film onto T-IIR.

3.4.5. Characterization
Water contact angles were measured using the sessile drop method on a Ramé-Hart
contact angle goniometer.

At least four drops from three samples were averaged.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectra
were collected using a Bruker IFS 66/v spectrometer equipped with a DTGS detector. The
p-polarized light was incident at 45° from the surface normal. For each sample, 2048 scans
were collected at a resolution of 4 cm-1 using a ZnSe crystal.

X-ray Photoelectron

Spectroscopic (XPS) analysis was done using a Kratos Axis Nova X-ray photoelectron
spectrometer at Surface Science Western, London, Ontario.

XPS survey spectra were

obtained from an area of approximately 300 µm x 700 µm using a pass energy of 160 eV. A
90-degree take-off angle was used. Transmittance spectra were measured using a Varian
Cary 50 UV-Visible Spectrophotometer.

Optical micrographs were collected using an
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Olympus BX51M optical microscope equipped with an Olympus Qcolor 3 digital microscope
camera. Resistance measurements were obtained using a Keithley 2601A Source meter.
nTP Au wires were subjected to linear strains on a Micro-Vice stretcher, S.T. Japan, USA, Inc.
and resistance was measured at intervals of 5% elongation. The tape test was performed
using ASTM standard Permacel tape. The tape was applied to the surface of nTP Au films on
T-IIR, pressed for 10 seconds, and then removed. The surface of the nTP Au film on T-IIR
and the surface of the tape were subsequently examined using optical microscopy. AFM
images were obtained using a Digital Instruments Multimode atomic force microscope in
tapping mode. The measurements were carried out using Veeco type FESP cantilever with a
nominal tip radius of 8 nm and a nominal force constant of 2.8 N/m. AFM images were
collected over a 13 µm x 13 µm scan area using a scan rate of 0.5 Hz and a scanning
resolution of 512 samples/line. RMS roughness values from three different areas of a
sample were averaged.
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4.1. Introduction
Stretchable and conformable electronics is one of the fastest emerging field of
materials research with extraordinary technology demonstrations.[1-10]

This area of

research has enabled electronics devices that can fundamentally change how humans
interact with technology. These devices are made of soft materials and can function during
stretching, bending, and twisting. This property allows their seamless integration with skin,
clothing and even implantation into human body, which is impossible to achieve with rigid
devices.

Soft

stretchable

devices

such

as

light-emitting

and

light-harvesting

optoelectronics,[11-22] wearable strain and motion sensors,[23-28] wearable electronic skin (Eskin) for health monitoring,[14, 29-36] biosensors,[37, 38] and soft biointegrated devices for
monitoring brain and heart activity,[39] have been reported.
Soft compliant electronics have been realized by integrating a range of materials
such as liquids, gels, solids, metals, semiconductors, insulators, inorganic and organic, with
elastomers to fabricate a device with particular function.[2, 5-8, 10, 40-42] The most commonly
used elastomer for fabrication of stretchable electronics is PDMS owing to its
biocompatibility, high transparency, and stretchability at room temperature. The simple
procedures to modify the wettability and surface chemistry of PDMS to enable the
deposition of thin films for device fabrication is an additional advantage.[43, 44] Air or oxygen
plasma generates a hydrophilic Si-OH surface on PDMS suitable for deposition of
organosilanes required for deposition of a variety of functional thin films.[45-52] However, the
high gas permeability of PDMS fails to prevent percolation of oxygen and water vapor into
these devices resulting in degradation of device components, and is a serious concern.
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Au has been the most common choice for metal films because of its inert nature.
While other metals such as Ag and Cu offer higher conductivity at lower cost, their use is not
common due to their corrosion and oxidation in the presence of moisture and oxygen.[53-55]
Similarly, organic electronics with their low cost, low temperature and large-area solution
processing and mechanical flexibility offer promising solutions.[6] The major drawback of
organic components, however, is their sensitivity to environmental conditions. The active
organic species of these soft electronic devices is degraded in the presence of gases and
water vapor, thus reducing the operational lifetimes and efficiencies of these electronic
devices.[56-61]
The sensitivity of these materials and the inability of permeable elastomers such as
PDMS to protect these materials makes the field of stretchable electronics more centered to
academic research where demonstrations are done in inert atmosphere.

To enable

commercialization of stretchable electronics, intrinsically stretchable devices with highly
hermetic permeation barriers and encapsulants must be invented. In flexible electronic
devices, a successful strategy employed to protect these sensitive organic components and
corrosion-prone metals films from degradation is to introduce barrier layers such as metal
oxides, nitrides and graphene that prevent permeation of moisture and gases.[61-66] This
solution however is not suitable for stretchable devices since these barrier layers must be
able to stretch to allow for mechanical deformation of devices, which continues to remain a
challenge. Consequently, very few reports have shown protection through barrier layers to
stretchable devices.[67-69]
Our approach to solving the permeability challenges associated with stretchable
electronics is to employ an elastomeric substrate with an intrinsically high impermeability
to oxygen and water vapor. We previously reported the development of a new transparent
elastomer (transparent isobutylene-co-isoprene rubber, T-IIR) with high gas and moisture
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impermeability and demonstrated its use as an encapsulant to protect sensitive device
components from degradation due to oxygen and water vapor.[70] T-IIR provides excellent
protection to active species in light-emitting electrochemical cells, films of mixed halide
perovskites (CH3NH3PbI3-xClx) typically used for solar cells, and thin Ag and Cu films. In
contrast, PDMS fails to protect these components from atmospheric degradation.
The first step towards building stretchable electronic devices on T-IIR is to fabricate
metal films on the T-IIR surface that remain conductive under tensile strain. Here, we
investigate the metal deposition using electron beam (e-beam) evaporation on T-IIR, and
show that T-IIR is not stable to this process, leading to dis-continuous Au films that are not
conductive.
Consequently, we report the development of a layered elastomer composite by
depositing a thin film of PDMS onto T-IIR using its previously developed surface
chemistry.[71] The design of the layered composite offers two primary benefits: first, the
PDMS membrane protects T-IIR from damage and enables the deposition of thin metal
films; second, it allows us to harness the excellent barrier properties of T-IIR.

We

characterize the metal films on the layered elastomer by measuring their electrical
properties as a function of elongation, and integrate these films as electrodes in stretchable
alternating-current electroluminescence (ACEL) devices.

We also demonstrate the

protective capabilities of T-IIR as a barrier against oxygen and water vapor by fabricating
Ag-based circuits and light-emitting devices on T-IIR-based layered composite.
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4.2. Results and Discussion
4.2.1. Fabrication of PDMS skin on T-IIR
We used e-beam evaporation to deposit metal films on T-IIR. However, the resulting
films were not conductive. We analyzed the 500-Å-thick Au films on T-IIR using scanning
electron microscopy (SEM), which revealed that metal deposition on T-IIR results in the
formation of a discontinuous nonconductive films with the presence of voids in the film and
destructive penetration of metal atoms into the T-IIR substrate during e-beam evaporation
(Figure S4.2a, d) (Supporting Information).
Since PDMS is compatible with e-beam metal deposition,[72] our approach involved
deposition of a thin layer of PDMS on the surface of T-IIR to protect T-IIR from damage due
to e-beam evaporation of metal. T-IIR and PDMS have similar mechanical properties with
Young’s modulus of 0.41 MPa and 2.05 MPa, respectively.[70] The resulting layered
composite

material

(T-IIR/PDMS[skin])

combines

the

bulk

properties

of

T-IIR

(impermeability to oxygen and moisture) with the desirable surface properties of PDMS.
To fabricate T-IIR/PDMS[skin], we developed a method to adhere a PDMS membrane to the TIIR surface. Simply spin-coating and curing PDMS prepolymer on the surface of T-IIR was
not successful: The PDMS prepolymer does not crosslink on the surface of T-IIR, regardless
of curing time, temperature, or concentration of the curing agent. T-IIR is prepared by
reacting brominated IIR with the phosphorus-based nucleophile diphenylphosphinostyrene
to generate an IIR ionomer with pendant vinyl sites that undergo free radical
oligomerization to form a crosslinked material. Compounds containing phosphorus and
styrene are known to inhibit platinum-catalyzed addition cure in silicones.[73] Instead, we
developed a method to bind pre-cured membranes of PDMS to the surface of T-IIR using a
two-part, organosilane-based molecular glue composed of 3-aminopropyltrimethoxysilane
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(APTES)

and

3-glycidoxypropyltrimethoxysilane

(GPTMS).

Previous

work

has

demonstrated that two PDMS substrates can be glued together by forming an APTES
monolayer on the surface of one PDMS substrate and a GPTMS monolayer on the surface of
a second PDMS substrate, and then bringing the two modified surfaces in contact.[74] The
adhesion between the two components arises from a ring-opening reaction of the terminal
amine on APTES with the epoxide ring on GPTMS. The process to glue a PDMS membrane
onto the surface of an T-IIR is outlined in Figure 4.1a. T-IIR substrate is a hydrocarbon
elastomer with hydrophobic surface.

To deposit GPTMS on its surface, we used our

previously reported method to modify the surface with -OH groups. After oxygen plasma
treatment, we swabbed the surface with isopropanol to remove oxidized scission products
and expose the unselectively oxidized T-IIR surface. We then exposed this surface to SiCl4
vapor, followed by hydrolysis to generate a surface bound silicate layer with Si-OH on the
surface (T-IIR[ox]/SiO2). Spin-coating GPTMS on this surface produced the epoxideterminated surface (Figure 4.1a, Part 1). We prepared a 30-µm-thick PDMS membrane by
spin-coating PDMS prepolymer onto a silicon wafer treated with (tridecafluoro-1,1,2,2tetrahydrooctyl) trichlorosilane (FOTS) and then curing the PDMS.

The silicon wafer

provides a flat, smooth surface for the membrane, and the FOTS layer ensures that the
membrane can be removed easily. Plasma oxidation of the PDMS membrane followed by
treatment with a solution of 1% APTES produces an amine-terminated surface (Figure 4.1a,
Part 2). Subsequently bringing the APTES-modified PDMS membrane into conformal
contact with the epoxide-terminated T-IIR surface enables the interfacial ring opening
reaction, adhering the PDMS membrane to the surface of T-IIR to yield T-IIR/PDMS[skin].
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Figure 4.1. a Schematic illustration of T-IIR/PDMS[skin] fabrication. b AFM image of TIIR/PDMS[skin]. c SEM cross-section of T-IIR/PDMS[skin] (scale = 15 µm). d Transmittance spectra
of native T-IIR (solid line) and T-IIR/PDMS[skin] (dashed line).

We characterized the T-IIR/PDMS[skin] using AFM and SEM. AFM shows that the
surface of the T-IIR/PDMS[skin] is uniform and smooth (Figure 4.1b), with a RMS roughness
(1.8 ± 0.2 nm) that is 54% lower than that of the surface of T-IIR (3.9 ± 0.6 nm). Crosssectional SEM image shows a clear demarcation between the PDMS membrane and T-IIR,
and indicates that spin-coating provides precise control over the thickness of PDMS
membrane (~29 µm) (Figure 4.1c). In addition, the fabrication of the layered composite
does not affect the inherent transmittance and clarity of T-IIR, with a percent transmittance
at 550 nm of T-IIR/PDMS[skin] of 74%, compared to 75% for native T-IIR (Figure 4.1d).
The key to enable the use of this layered material in stretchable electronics
applications is the strength of adhesion between the two elastomers. To determine the
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strength of adhesion, we subjected the T-IIR/PDMS[skin] to a maximum tensile strain of
145% without delamination of the PDMS membrane (Figure S4.3).

4.2.2. E-beam Deposition of Au and Ag Films on T-IIR/PDMS[skin]
By adhering a PDMS membrane to T-IIR, we enabled the e-beam deposition of
metals on T-IIR/PDMS[skin].

E-beam evaporation of 250-Å-thick Au on T-IIR/PDMS[skin]

produces reflective and conductive Au films. The Au film deposited on T-IIR/PDMS[skin]
exhibits a wrinkled pattern resulting from the compressive stress imparted to the substrate
during the e-beam deposition process (Figure 4.2a), similar to the surface of Au film
deposited on bulk PDMS (Figure 4.2d). AFM analysis of the Au film on T-IIR/PDMS[skin] gives
a peak-to-valley height of ~5-15 nm, and peak-to-valley distance of ~0.5-1 µm, similar to
that of 250-Å-thick Au films on PDMS (peak-to-valley height of ~10-20 nm; peak-to-valley
distance of ~0.5-1 µm) (Figure S4.4). We further characterized the e-beam deposited Au
films on T-IIR/PDMS[skin] and PDMS by comparing their electrical conductivity. The sheet
resistance of 250-Å-thick Au on T-IIR/PDMS[skin] is 1.8 ± 0.1 Ω/sq., which is similar to the
sheet resistance of corresponding Au thickness on bulk PDMS (1.8 ± 0.2 Ω/sq). Similarly, Ag
films deposited on T-IIR/PDMS[skin] and PDMS exhibit wrinkled topographies with sheet
resistance of 1.2 ± 0.1 Ω/sq. and 1.3 ± 0.1 Ω/sq., respectively (Figure S5a, d).
We characterized the stretchability of 250-Å-thick Au and Ag films (2.5 cm x 1.25
cm) fabricated by e-beam evaporation on T-IIR/PDMS[skin] by measuring the resistance at
5% strain intervals. Au and Ag films on T-IIR/PDMS[skin] show high elongations at electrical
failure compared to Au and Ag films on PDMS. The Au films on T-IIR/PDMS[skin] stretch to
85% elongation with normalized change in resistance (R/R0) of 93 ± 28 (Figure 4.2b). In
contrast, the resistance of Au on bulk PDMS rises rapidly to 323 times the initial value at
15% strain (Figure 4.2e).

Beyond 15% elongation, the Au films on PDMS become
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nonconductive. The same thickness of Ag films on T-IIR/PDMS[skin] stretch to 65% with a
change in resistance of 560 ± 111 (Figure S4.5b). 250-Å-thick Ag films on PDMS show
similar elongation at failure to Au films on PDMS, with a change in resistance (R/R0) of 1430
at 15% strain (Figure S4.5e), beyond which the films are non-conductive.
The lower change in resistance (R/R0) over a range of strain and high elongations at
failure of metal films on T-IIR/PDMS[skin] compared to PDMS is the result of differences in
the morphology of cracks when the films are subjected to tensile strain. Au films on TIIR/PDMS[skin] shows the formation of micro-cracks (~1-2 µm wide) separated by a distance
of ~5-10 µm. These micro-cracks are interconnected to each other enabling these films to
stay conductive at elongations up to 85%. Figure 4.2c show the formation of cracks in Au
films on T-IIR/PDMS[skin] stretched to 70%. Conversely, the channel cracks obtained in the
Au film on PDMS are wider (~20-40 µm), and disrupt the conduction pathway at lower
strain (Figure 4.2f). In stretched Ag films on T-IIR/PDMS[skin], we observed a similar
cracking patterns to stretched Au films on T-IIR/PDMS[skin] (Figure S4.5c), while channel
cracking is observed in Ag films on PDMS (Figure S4.5f). These channel cracks run through
the metal film in direction perpendicular to the direction of strain and break the conduction
pathway.
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Figure 4.2. a 250-Å-thick Au on T-IIR/PDMS[skin]. b Normalized change in resistance of 250-Åthick Au on T-IIR/PDMS[skin] as a function of elongation. c 250-Å-thick Au on T-IIR/PDMS[skin]
stretched to 70%. d 250-Å-thick Au on PDMS. e Normalized change in resistance of 250-Åthick Au on PDMS as a function of elongation. f 250-Å-thick Au on PDMS stretched to 70%. In
images c and f, the samples were stretched in the vertical direction, (image scales = 50 µm).

4.2.3. Effect of SiO2 Interlayer on Metal Stretchability
Since Au on bulk PDMS and T-IIR/PDMS[skin] exhibit similar wrinkling patterns
(Figure 4.2a, 4.2b), the observed difference in cracking patterns can likely be attributed to
the multilayered structure of T-IIR/PDMS[skin]. The SiO2 layer between T-IIR substrate and
the thin PDMS overlayer plays an important role in formation of the T-IIR/PDMS[skin]
composite. The surface modification of T-IIR with GPTMS first requires the deposition of an
SiO2 layer on the surface (T-IIR[ox]/SiO2).[71] The brittle nature of this SiO2 layer (Young’s
modulus, E ≈60 GPa)[75] is likely the cause of the change in cracking pattern of Au film on the
composite that allows for conductivity at higher elongations (Figure 4.3a). To understand
the influence of SiO2 on the cracking mechanism, we compared cracks formed in an SiO2
layer on T-IIR with cracks formed in the Au layer of T-IIR/PDMS[skin]/Au. The unstretched
T-IIR[ox]/SiO2 surface does not exhibit cracking (Figure S4.6).

On stretching the T-

IIR[ox]/SiO2, micro-cracks (~1-2 µm wide) similar to those observed in T-IIR/PDMS[skin]/Au
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are generated in the SiO2 layer on T-IIR. Figure 4.3b shows the crack generation in TIIR[ox]/SiO2 at elongation of 70%. On stretching T-IIR/PDMS[skin]/Au, the cracks formed in
the brittle SiO2 interlayer provide defect sites to localize strain into the strongly adhered
thin PDMS/Au resulting in the simultaneous cracking of overlying PDMS and Au films
(Figure 4.3c). The cracking pattern in the silicate layer acts as the template for the cracking
pattern in Au films. The resulting cracks in the Au film do not show long-range propagation,
and preserve the conductivity up to 85% elongation.
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Figure 4.3. a Optical micrographs of 250-Å-thick Au film stretched to 70% strain on TIIR/PDMS[skin] (image scale = 20 µm). b Optical micrographs of T-IIR[ox]/SiO2 stretched to 70%
strain (image scale = 20 µm). c SEM image of 250-Å-thick Au film stretched to 40% strain on
T-IIR/PDMS[skin] (image scale = 2 µm). d Normalized change in resistance as a function of
elongation for 250-Å-thick Au film on T-IIR/PDMS[skin] with PDMS membrane of different
thicknesses, 20-µm-thick (blue line), 30-µm-thick (red line), 40-µm-thick (black line), 50-µmthick (gray line). In all images, the samples were stretched in the vertical direction

To test our hypothesis that brittle SiO2 influences the cracking pattern in the
overlying Au film, we prepared different thicknesses of PDMS membranes (20 µm, 40 µm,
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and 50 µm) in the layered T-IIR/PDMS[skin] by varying the time of spin coating PDMS on Si
wafers. All thicknesses of T-IIR/PDMS[skin] can withstand maximum tensile strains ranging
from 130-150% without delamination of PDMS membranes. Au films on all thicknesses of
PDMS membranes stretched to elongations up to 80-85%, however, the change in
resistance showed an increasing trend with increasing thicknesses of the membrane (Figure
4.3d). This increasing trend in resistance change is likely the result of minimizing effect of
SiO2 layer on the overlying Au film with the increasing thickness of PDMS interlayer. The
optical micrographs showing micro-crack formation in the Au films on T-IIR/PDMS[skin] with
PDMS membrane thickness of 20 µm, 40 µm and 50 µm at 40% elongation are shown in
Figure S4.7a-f. The Au films on all thicknesses show micro-crack formation when stretched.
Although it is difficult to determine the differences in the cracking of Au on different PDMS
membrane thicknesses using optical micrographs, it is clearly evident that the PDMS
membrane thickness plays an important role in determining the stretching behaviour of TIIR/PDMS[skin]/Au.
We also subjected the Au films on T-IIR/PDMS[skin] to 100 stretch-release cycles of
15% strain and measured the resistance at 0% strain at intervals of ten strain cycles. The
plots of R/R0 as a function of the number of strain cycles for Au films on all thickness of TIIR/PDMS[skin] is depicted in Figure S4.8. The R/R0 of Au wires on T-IIR/PDMS[skin] after 100
cycles of 15% strain remains less than 1.4.

4.2.4. Stretchable ACEL Device
The high stretchability of metal films on T-IIR/PDMS[skin] makes it a great candidate
for use as a substrate in stretchable optoelectronics. We used Au films on T-IIR/PDMS[skin]
as

a

semi-transparent

bottom

electrode

in

a

stretchable

alternating

current

electroluminescence (ACEL) device. ACEL devices operate at high voltages (100-1000 V)
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due to their high capacitance.[17] In general, ACEL devices contain a phosphor species doped
with the luminescent component. We used ZnS doped with Cu for our stretchable devices.
When an external AC voltage is applied, the electric field inside the phosphor layer
increases and electrons in the phosphor-dielectric interface gain energy and transfer this
kinetic energy to the luminescent particles.[76] The relaxation of the excited luminescent
centers to ground state by radiative decay results in light emission. For our ACEL devices
on T-IIR/PDMS[skin], we used ZnS:Cu mixed with PDMS to impart stretchability to the
emissive layer. We spin coated the emissive component onto the Au film on T-IIR/PDMS[skin]
and used a drop of EGaIn as the top electrode. We operated the device at 165 V AC and a
frequency of 30 kHz. The device architecture is illustrated in Figure 4.4a. The ACEL devices
continue to emit light at linear strains of up to 50% (Figure 4.4b) beyond which the devices
fail to emit light, which we attribute to EGaIn penetrating through the emissive layer to
contact the bottom Au electrode, causing an electrical short evident from observed sparks.

a

b

EGaIn
ZnS:Cu/PDMS
Au
PDMS
T-IIR

Figure 4.4. a Architecture of ACEL device fabricated on 250-Å-thick Au on T-IIR/PDMS[skin]
using ZnS:Cu/PDMS as emitter and EGaIn as top electrode (not to scale). b Photographs of
unstretched device (top) and device stretched to 50% (bottom).
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4.2.5. Harnessing Gas-barrier Properties of T-IIR in Ag-based
Electronic Devices
While stretchable Au films have been the standard choice for stretchable electronics,
the use of more conductive Ag has been limited due to its sensitivity to oxygen and moisture
that leads to its oxidation and corrosion. Therefore, we deposited stretchable Ag films on TIIR/PDMS[skin] to demonstrate impermeable Ag-based stretchable electronic devices such as
wires, circuits and ACEL devices. Our approach to demonstrate the robust nature of Ag films
on T-IIR to environmental and mechanical stresses was to sandwich the Ag films between
T-IIR, expose them to 100% relative humidity (RH), perform repetitive stretch-release
cycles of 15%, and study the changes in resistance. Repetitive stretch-release cycles at low
strains of 15% have a minimal impact on the resistance of metal films on T-IIR/PDMS[skin].
For example, Au films on T-IIR/PDMS[skin] subjected to 100 stretch-release cycles of 15%
strain show a negligible change in resistance, with R/R0 remaining < 1.4. (Figure S8). We
deposited 250-Å-thick Ag films on T-IIR/PDMS[skin] and on a PDMS substrate of similar
thickness, and then encapsulated the Ag films by laminating a T-IIR barrier (0.5 mm thick)
over the T-IIR/PDMS[skin]/Ag, and a PDMS barrier (0.5 mm thick) over the PDMS/Ag. We
used ClearFlex-50 as an adhesive on the edges to seal the barriers onto the films. We
exposed the encapsulated films to 100% relative humidity (RH) for 24 h in a controlled
humidity environment, and then subjected them to 50 stretch-release cycles of 15%
elongation. Post 50 cycles, we measured the resistance of the films at 0% strain. We
repeated this process of moisture treatment, exposure to 50 strain cycles followed by
resistance measurements at relaxed state every 24 h, to a total of 480 h and 1000 stretchrelease cycles. Plots of the change in resistance as a function of both time of exposure to
humidity and the number of strain cycles is presented in Figure 4.5a. The R/R0 of the TIIR/PDMS[skin]/Ag/T-IIR ensemble remains < 2 for T-IIR protected Ag films (Figure 4.5a),
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and optical micrographs of the Ag film shows the presence of micro-cracks but no evidence
of corrosion (Figure 4.5b). In comparison, R/R0 for PDMS-protected Ag films reaches 5 x
107 after 480 h of humidity exposure and 1000 stretch-release cycles, the optical images
show a patina consistent with corrosion along with large cracks typical of stretched Ag films
on PDMS (Figure 4.5c).
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Figure 4.5. a Normalized change in resistance as a function of stretch-release cycles of 15%
strain and time of exposure to 100% RH of 250-Å-thick Ag on T-IIR/PDMS[skin] (black line/axis)
and on PDMS (red line/axis), and encapsulated by T-IIR and PDMS respectively. b, c Optical
micrographs of Ag films on T-IIR (b) and on PDMS (c) after 1000 stretch-release cycles of 15%
strain and 480 h of exposure to 100% RH (image scale = 100 µm). d Photograph of an LED
circuit with Ag interconnects on T-IIR/PDMS[skin] and encapsulated by T-IIR, operating under
water. e, f Radiance response as a function of time for ACEL devices fabricated on TIIR/PDMS[skin] and encapsulated by T-IIR (e) or on PDMS and encapsulated by PDMS (f). Solid
line in e and f shows radiance response without humidity exposure, dashed line shows
radiance response of the ACEL device tested post humidity exposure of 360h.

We further demonstrate exceptional protective abilities of T-IIR by constructing
circuits on T-IIR/PDMS[skin] consisting of LEDs connected in series using thin Ag films as
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interconnects, and laminating them using a T-IIR barrier. We sealed the edges of the
laminant to the substrate using a waterproof polyisobutylene-based sealant to prevent
water from entering the circuit through the edges. The architecture of LED circuit on TIIR/PDMS[skin] is shown in Figure S4.9. We operated T-IIR-encapsulated circuits under
water for 100 h without any corrosion of Ag circuits leading to device failure. Figure 5b
shows the LED circuit constructed on T-IIR/PDMS[skin] and sealed using T-IIR barrier in
operation under water.
We fabricated stretchable ACEL devices to further demonstrate the superior barrier
properties of T-IIR compared to PDMS. We used Ag thin films on T-IIR/PDMS[skin] and on
PDMS as the bottom electrodes followed by spin-coating ZnS:Cu mixed with PDMS
prepolymer on the Ag films for use as emitter in these devices. We used a drop of EGaIn as a
top electrode. We then laminated the T-IIR and PDMS barriers (0.5 mm thick) on ACEL
devices built on T-IIR/PDMS[skin] and on PDMS respectively and sealed the edges using
waterproof glue (Figure S4.10). Since ZnS:Cu is highly stable to ambient conditions, this
choice of device architecture ensures that the cause of device failure is the corrosion of the
conductive Ag electrode when exposed to a high humidity environment. We operated the
encapsulated ACELs and measured device radiance. We then exposed the devices to 95%
RH for 120 h and then re-measured the radiance. We repeated the tests after every 120 h
intervals up to a total of 360 h of humidity exposure. The T-IIR-based devices showed a
decreasing trend of ~10-13% radiance with every retest performed at 120 h intervals of
humidity exposure (Figure 4.5e). Table S4.1 lists the radiance response of ACEL-devices as
a function of humidity exposure time. To account for this reduction in radiance, we tested
ACEL devices fabricated on ITO in an oxygen- and moisture-free glovebox. The ITO-based
ACELs also showed a similar decline (~10-12%) in radiance with every retest performed
after intervals of 120 h (Figure S4.11). This steady decline is attributed to the structural
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relaxation at ZnS-Cu interface resulting in Cu diffusion into the vacancies within the
electroluminescent material.[77, 78] In contrast, after 360 h of exposure to humidity and four
tests per device, PDMS-encapsulated ACELs devices showed a 99.6% decline in radiance
from 190.5 (± 42.8) µW to 0.7 (± 0.8) µW. Figure 4.5f shows the radiance response as a
function of test time for PDMS-encapsulated devices.

The similarity between T-IIR-

protected devices in an ambient environment and unprotected devices on ITO in an inert
environment leads to the conclusion that declining radiance values observed in PDMSprotected devices occur due to electrode degeneration. Figure S4.12a and S4.12b show the
optical micrographs of the Ag electrodes of the devices on T-IIR/PDMS[skin] and PDMS post
95% RH treatment of 360 h. While the Ag films in T-IIR encapsulated devices retain their
original morphology, the Ag films in PDMS-encapsulated devices show a patina consistent
with corrosion.

4.3. Conclusions
T-IIR based impermeable electronics advance the field of stretchable electronics by
allowing integration of sensitive organic components and oxidizable metals in the devices
without failure due to environmental conditions. The strategy employed to enable the
deposition of metal traces on butyl rubber is an important part of this work. Our design of
the layered composite enables the fabrication of stretchable wires, circuits, and lightemitting devices on T-IIR. The brittle SiO2 layer plays an important role in influencing the
cracking of thin metal films to achieve high stretchability. Additionally, the excellent gas
barrier properties of T-IIR protect the sensitive device materials from degradation. The
demonstration of excellent protective capabilities of T-IIR in electronic devices places this
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elastomer as an important candidate for the stretchable and impermeable electronics of the
future.

4.4. Experimental
4.4.1. Materials
Poly(dimethylsiloxane) (PDMS) (Sylgard 184) was obtained from Dow Corning,
Midland, MI. All other chemicals were obtained from Sigma-Aldrich and were used as
received. T-IIR substrates were prepared at Lanxess Inc., London, Canada according to
previously published methods.[70] 3” diameter polished silicon wafers were obtained from
University Wafer, Boston, MA. ZnS:Cu microparticles were purchased from Shanghai KPT.
Clearflex-50 (CF-50) was obtained from Smooth-On, PA.

4.4.2. Preparation of PDMS Membranes on Silicon Wafers
Silicon wafers were cleaned in a UV-ozone cleaner for 5 minutes followed by
treatment with (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (FOTS) vapor
overnight in a vacuum desiccator. PDMS membranes were prepared by spin coating a
10:1 w/w ratio of PDMS prepolymer:curing agent on the FOTS treated silicon wafers at
1000 rpm for different times to obtain various thicknesses of PDMS membranes (10 min
for 20 μm, 4 min for 30 μm, 2 min 30 s for 40 μm and 2 min for 50 μm) on the silicon
wafers at 60 °C for 1 h. PDMS membranes were treated with an air plasma for 40 seconds
at an air pressure of 10 psig (flow rate of 32 mL/min) at medium discharge setting.

4.4.3. Oxidation of T-IIR
T-IIR substrates were oxidized according to previously published procedure.[71] TIIR substrates were sonicated in acetone and isopropanol for 10 min each, and then
treated with oxygen plasma for 15 min in a Harrick plasma cleaner at O2 pressure of 10
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psig (flow rate of 10.6 mL/min) at medium discharge setting. The oxidized samples were
swabbed with isopropanol, dried in a stream of nitrogen, and suspended for 30 s over a
glass Petri dish containing 0.1 mL of silicon tetrachloride in ambient conditions. The
samples were then soaked in DI H2O for 10 min, and dried in a stream of nitrogen.

4.4.4. PDMS Membrane Deposition on T-IIR
3-Aminopropyltriethoxysilane (APTES) was deposited on the surface of oxidized
PDMS membranes by immersion in 1% (v/v) aqueous solution of APTES for 10 min
followed by thorough rinsing with distilled water and drying in a stream of nitrogen. 3glycidoxypropyltrimethoxysilane (GPTMS) was deposited on oxidized T-IIR[ox]/SiO2 by
spin-coating at 1000 rpm for 1 min. The samples were then baked on a hot plate at 100 °C
for 10 minutes, and then brought into conformal contact with the APTES-coated PDMS
membrane on a silicon wafer. A glass vial was rolled over T-IIR to remove air bubbles
between the two surfaces. The substrates were then left at room temperature for 24 h for
bonding to occur. Post bonding, the PDMS membrane was cut along the sides of the T-IIR
using a scalpel, and then the T-IIR substrate bonded to the PDMS membrane (TIIR/PDMS[skin]) was peeled off the wafer with a pair of tweezers.

4.4.5. Metal Deposition
T-IIR/PDMS[skin] and PDMS substrates were oxidized for 40 s at an air pressure of
10 psig (flow rate of 32 mL/min).

A 30-Å-thick titanium adhesion layer was first

deposited onto the substrates at a rate of 0.7 Å/s by e-beam evaporation under high
vacuum (10-6 mbar), followed by either a 250-Å-thick Au layer at a rate of 1 Å/s or a 250Å-thick Ag layer at a rate of 1.5 Å/s.
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4.4.6. Alternating Current Electroluminescent (ACEL) Device
Fabrication
ZnS:Cu powder was mixed with PDMS (ZnS:Cu/PDMS) in a weight ratio of 2:1 and
spin coated on the Au/Ti films on T-IIR/PDMS[skin] at 500 rpm, then cured in an oven for 2
h at 60 °C. A 0.1 mL drop of gallium-indium eutectic (EGaIn) was then deposited on the
surface as the top electrode. For encapsulated ACEL devices, ZnS:Cu/PDMS layer was
spin-coated on Ag/Ti films on T-IIR/PDMS[skin] and on PDMS. EGaIn was used as a top
electrode. Cu wires were connected to EGaIn and the assembly was sealed using epoxy
resin. T-IIR and PDMS barriers (0.5 mm thick) were then laminated on top of the devices
fabricated on T-IIR/PDMS[skin] and PDMS, and the edges of the devices were sealed using
butyl (Tremco) and silicone (GE) sealants respectively. Encapsulated ACEL devices were
then exposed to 95% relative humidity (RH) and 25 °C in a Cincinnati Sub-Zero humidity
and temperature control chamber. Device testing was done after humidity exposure
intervals of 5 days. Control ACEL devices were fabricated using ITO as transparent
electrode, ZnS:Cu/PDMS as emitter and EGaIn as top electrode. The control devices were
tested in glove box at intervals of 5 days.

4.4.7. Encapsulated Ag films
Aluminum sheet was glued to the ends of the Ag/Ti films on T-IIR/PDMS[skin] and
PDMS substrates (1.25cm x 2.5 cm) using conductive paste for use as leads to connect to
the probes. T-IIR and PDMS barriers were then laminated on top of the Ag/Ti films and
sealed using Clearflex-50 (CF-50) adhesive. The assembly was then cured for 48 h at
room temperature. The encapsulated Ag/Ti films were then exposed to 100% RH and 25
°C in a humidity and temperature control chamber. After every 24 h humidity exposure
interval, the films were subjected to 50 repetitive stretch-strain cycles of 15% strain and
resistance change was recorded.
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4.4.8. LED Circuit Fabrication on T-IIR/PDMS[skin]
The LED circuits were fabricated by depositing four Ag/Ti wires (2 mm x 20 mm)
on T-IIR/PDMS[skin] and then connecting these thin-film wires in series with two surface
mount LEDs and a 250 Ω surface mount resistor (KOA Speer). The encapsulation was
achieved by laminating a T-IIR sheet on top of the LED circuits, and the edges of the
barrier layers were sealed using butyl sealant. The LED circuits were then immersed in
water in a beaker, and operated at 5 V DC for 100 h.

4.4.9. Characterization
Optical characterization was performed using an Olympus BX51 microscope
equipped with an Olympus Q-Color3 digital camera. A micro-vice stretcher (S. T. Japan,
USA, Inc) was mounted to the microscope stage and samples were clamped in the
stretcher to obtain microscope images of stretched samples.

Scanning electron

microscopy (SEM) and focused ion-beam milling was performed on a Zeiss 1540XB FIB–
SEM instrument at the Western Nanofabrication Facility, London, Canada. The sample
surface was imaged with a 1 keV energy electron beam at a working distance of 4 mm. For
cross-sectioning, the sample was mounted at the coincidence point between the FIB and
SEM beams with the surface normal to the FIB column and at a 54° tilt to the SEM column.
Prior to FIB milling a 1x5 micron band of platinum was deposited in situ by electron beam
decomposition to produce a sacrificial protective layer over the film. A trench was milled
through the film to expose a cross-section using a 50 pA focused beam of 30 keV energy
gallium ions. The cross section was imaged and the film thickness measured with the SEM
at 36° tilt to the exposed cross-section. For the native T-IIR, 5 nm of osmium was
deposited using a Filgen Inc. OPC-80T osmium plasma coater prior to imaging. Scanning
electron microscopy of stretched samples was carried out on a Hitachi S-4500 scanning
electron microscope at Surface Science Western, London, Canada. Samples were stretched
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manually and secured with copper tape to the specimen stage. Prior to imaging, samples
were coated with 3-5 nm Au using a Hummer VI sputtering system. Sheet resistance
measurements were carried out using a Keithley 2601A Sourcemeter. AFM images were
obtained using a Digital Instruments Multimode atomic force microscope run in tapping
mode. Veeco type FESP cantilever with a nominal tip radius of 8 nm and a nominal force
constant of 2.8 N/m. AFM images were collected over a 10 μm x 10 μm scan area using a
scan rate of 0.5 Hz and a scanning resolution of 512 samples/line. Images were collected
using Nanoscope 6 software and processed using WSxM 5.0 Develop 8.0 software.[79]
Root-mean-square (RMS) roughness values from three different areas of a sample were
averaged. For electrical characterization under strain, samples were clamped in a microvice stretcher (S.T. Japan, USA, Inc.) and stretched in 5% increments while the resistance
was measured with a Keithley 2601A Sourcemeter. EGaIn (~0.05 mL) was deposited by
syringe at each end of the wire to facilitate contact to the metal films. A minimum of three
samples were tested for each PDMS interlayer thickness. ACEL devices were operated at 5
V DC using Keithley 2601A Sourcemeter connected to a DC-AC inverter (CXA-series, TDK)
with 900 VAC output and frequency of 30 kHz. Radiance was measured with a calibrated
UDT S470 optometer attached to an integrating sphere. ACEL devices were stretched
using Micro-Vice stretcher.
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4.6. Supporting Information
4.5.1. E-beam Deposition of Metal Films on T-IIR and PDMS
We deposited 250-Å-thick Au films on T-IIR using e-beam evaporation. The
resulting films on T-IIR were non-conductive. In contrast, Au films of the same thickness
deposited on PDMS are conductive with a sheet resistance (Rs) of 1.8 ± 0.2 Ω/sq. Optical
micrographs show the difference in the quality of Au films on T-IIR and PDMS, where Au
films on T-IIR appear discontinuous, while Au films on PDMS show wrinkles from
compressive strain during e-beam evaporation, consistent with previously reported results
(Figure S4.1a, b). Similarly, 250-Å-thick Ag films deposited on T-IIR are also discontinuous
and non-conductive whereas Ag films on PDMS are conductive (Rs = 1.3 ± 0.1 Ω/sq.), and
shiny with a wrinkled morphology (Figure S4.1c, d).
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We analyzed 500-Å-thick Au films on T-IIR and PDMS surface using SEM. Au films on
T-IIR substrates appear discontinuous, with Au grains that vary in diameter from 10-50 nm
and are separated by voids up to 40 nm wide (Figure S4.2a). In contrast, SEM images of Au
on PDMS consist of Au grains ~40 nm in size that are in contact with one another, with no
visible voids (Figure S4.2b). We measured the thickness of Au films on PDMS and T-IIR by
coating the samples with platinum, using a focused ion beam to make a trench down
through the underlying Au film, and then imaging the cross-section by SEM. On PDMS, the
measured cross-sectional thickness of the Au layer (586 Å, Figure S4.2c) agreed well with
the expected thickness of 500 Å. On T-IIR, however, the measured cross-sectional thickness
(984 Å) was almost twice the expected thickness (Figure S4.2d). Based on these results, we
postulate that Au deposition on T-IIR results in the formation of a nonconductive Au/T-IIR
composite layer caused by the destructive penetration of Au atoms into the T-IIR substrate
during e-beam evaporation.

a

b

c

d

Figure S4.1. a, b Optical micrographs of 250-Å-thick Au on T-IIR (a) and PDMS (b) (scale =
200 µm). c, d Optical micrographs of 250-Å-thick Ag on T-IIR (c) and PDMS (d) (scale = 200

µm).
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a

b

c

d

H 1 = 58.59 nm

Figure S4.2. a, b SEM images of 500-Å-thick Au on T-IIR (a) and PDMS (b) (scale = 100 nm). c,
d SEM cross-section images of 500-Å-thick Au on PDMS (c) and T-IIR (d) (scale = 100 nm).

a

b

c

d

e

f

Direction of stretching

Figure S4.3. a-f Ultimate elongation before delamination of T-IIR/PDMS[skin]. Optical
micrographs of T-IIR/PDMS[skin] stretched to (a) 0%, (b) 25%, (c) 50%, (d) 100%, (e) 125%,
(f) 150%. (Image scale = 200µm)
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Figure S4.4. a, b 250-Å-thick Au on T-IIR/PDMS[skin]. a AFM image, b Height profile
corresponding to black line in (a). c, d 250-Å-thick Au on PDMS. c AFM image, d Height profile
corresponding to black line in (c).
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Figure S4.5. a 250-Å-thick Ag on T-IIR/PDMS[skin]. b Normalized change in resistance of 250-Åthick Ag on T-IIR/PDMS[skin] as a function of elongation. c 250-Å-thick Ag on T-IIR/PDMS[skin]
stretched to 40%. d 250-Å-thick Ag on PDMS. e Normalized change in resistance of 250-Åthick Ag on PDMS as a function of elongation. f 250-Å-thick Ag on PDMS stretched to 40%
(image scales = 50 µm). In images b and e, the samples were stretched in vertical direction.
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Figure S4.6. Optical micrograph of T-IIR[ox]/SiO2 (image scale = 200µm)

b

c

d

e

f

Direction of stretching

a

Figure S4.7. a-f Optical micrographs of 250-Å-thick Au film on 20-µm-thick (a, b), 40-µmthick (c, d) and 50-µm-thick (e, f) T-IIR/PDMS[skin] stretched to 40% strain (image a, c, e, scale
= 100 µm)(Image b, d, f, scale = 20 µm). In all images, the samples were stretched in vertical
direction.
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Figure S4.8. a-d Normalized change in resistance as a function of repetitive stretch-release
cycles of 15% strain for 250Å-thick Au on (a) 20-µm-, (b) 30-µm-, (c) 40-µm- and (d) 50-µmthick T-IIR/PDMS[skin].
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Figure S4.9. Architecture of LED circuit on T-IIR/PDMS[skin]. a top down view, b 3D side view.
Not to scale.
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Figure S4.10. Architecture of ACEL device on T-IIR/PDMS[skin]. a side view, b 3D side view. Not
to scale.
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Figure S4.11. Radiance response as a function of time for ACEL devices fabricated on ITO and
tested under inert conditions. Solid line shows radiance response for test at 0 h, dashed line
shows radiance response for device tested after 360 h.

a

b

Figure S4.12. Optical micrographs of Ag film in an ACEL device post 360 h exposure to 95%
RH and four tests. Ag electrode on T-IIR/PDMS[skin] in an ACEL device laminated by T-IIR (a).
Ag electrode on PDMS in an ACEL device laminated by PDMS (b). (image scale = 100 µm).
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Table S4.1. Maximum radiance of ACEL devices fabricated on T-IIR/PDMS[skin] and on PDMS,
and encapsulated by T-IIR and PDMS respectively, as a function of humidity exposure time.
Maximum radiance of ACEL devices fabricated on ITO and tested in inert atmosphere act as a
standard.
Humidity Exposure Time

T-IIR/PDMS[skin]

PDMS

ITO

(h)

Max. Rad. (µW)

Max. Rad. (µW)

Max. Rad. (µW)

0

176.1 ± 17.6

190.5 ± 42.8

151.5 ± 15.8

120

153.3 ± 4.6

94.6 ± 38.8

133.2 ± 11.5

240

135.4 ± 12.6

49.0 ± 80.4

120.3 ± 10.8

360

117.7 ± 13.2

0.7 ± 0.8

108.6 ± 0.4
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5.1. Introduction
The transparent conductor indium tin oxide (ITO) is an essential component of a
wide range of today’s electronic devices, such as liquid-crystal displays, touch panels, and
solar cells.[1−4] These devices are fabricated on rigid glass substrates; however, the ability to
create transparent conductors that are soft and stretchable opens the way to exciting new
applications that are lightweight, portable, conformable, and even wearable. ITO is a brittle
ceramic that requires high-temperature annealing to achieve low sheet resistance, which
makes it incompatible with elastomeric substrates and stretchable devices.[5] A major
research focus, therefore, is the development of new transparent conductors that can be
deposited on elastomers and support stretchable electronics.[ 6 - 7 ]

New stretchable

transparent conductors such as thin metal films,[8−10] conducting polymers,[11-12] silver
nanowires (AgNWs),[13−16]

graphene,[ 17-18] and carbon nanotubes[19−27] have led to

compelling technology demonstrations ranging from intrinsically stretchable light-emitting
devices[8,13,21, 28 ] and solar cells,[ 29-30 ]

to rather sophisticated conformable dynamic

camouflage skins[31-32] and transparent strain sensors.[26-27,33] As research on stretchable
transparent conductors progresses, there is an increasing focus on practical concerns such
as scalability, precise control over film properties, sustainability, and cost.

Here, we

demonstrate a fabrication method that addresses these concerns to produce films of singlewalled carbon nanotubes (SWNTs) on the elastomer polydimethylsiloxane (PDMS) that are
stretchable, conductive, and transparent.

We supramolecularly modify SWNTs with

conjugated polyelectrolytes (CPEs) to disperse them in water, thus avoiding the need for
organic solvents, and then use these solutions in a layer-by-layer (LbL) deposition process
onto the PDMS surface. LbL deposition provides fine control over the optical and electrical
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properties of the film because it builds the films one SWNT layer at a time; at the same time,
this method is both scalable and low cost.
The intrinsic electronic and mechanical properties of SWNTs are ideal for
stretchable and transparent conductors; however, the key to integrating these materials
into stretchable electronics lies in designing a film formation process that both retains and
capitalizes on these properties.

The high intrinsic conductivity (104-106 S/cm), high

current-carrying capacity (up to ~109 A cm-2), and high thermal stability (up to 3500 W m-1
K-1) of SWNTs are well suited to electronic applications.[6,19,34-35] SWNTs also possess high
stiffness and strength (Young’s modulus ~1-2 TPa; tensile strength 50 GPa);[19] thus,
individual SWNTs are not intrinsically stretchable.

Integrating these materials into

stretchable electronics may seem counterintuitive; however, networks of SWNTs can
remain conductive with stretching because individual SWNTs slide against each other under
strain.[7,19] Designing a process to form transparent, conductive, and stretchable SWNT
films that take advantage of these electrical and mechanical properties begins with choosing
a method to effectively disperse SWNTs in solution, which is necessary to produce a
uniformly distributed SWNT network with low sheet resistance. SWNTs, however, have a
strong tendency to aggregate in solution through intermolecular p-p interactions, leading
to inhomogeneous SWNT films. Researchers have used ultrasonication to exfoliate SWNTs
in the presence of stabilizing surfactants,[7,36] and deposited the resulting dispersions on
PDMS by spray-coating or Meyer rod coating to produce stretchable, transparent, and
conductive films. These films have been implemented in pressure and strain sensors, and
used as electrodes in stretchable light-emitting devices.[21,27,37] Although ultrasonication
effectively disperses SWNTs, the downside is that it can disrupt the p-conjugation of the
SWNTs by introducing defects and dangling bonds to the sidewalls, thus diminishing the
intrinsic conductivity.[38] Another approach avoids the dispersion problem altogether by
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directly drawing out solid nanotube films from aligned SWNT or multi-walled carbon
nanotubes (MWNT) forests to generate stretchable, transparent, and conductive
freestanding nanotube films, which may be transferred to a PDMS substrate.[39] These
stretchable conductors have been employed as stretchable loudspeakers, wearable strain
sensors, and touch panels.[22−26] Using SWNT films as transparent electrodes in thin-film
devices such as light emitting electrochemical cells (LEECs) or organic light emitting diodes
(OLEDs), however, presents another challenge: for these applications, the roughness of the
transparent electrode surface must be < 100 nm to prevent penetration of protruding
SWNTs through overlying thin films, which can cause device shorting.[40−42] Embedding
SWNT films in a polymer matrix can reduce the surface roughness from > 60 nm for dropcast films to < 10 nm, providing smooth, transparent, and conductive SWNT films that have
been used as electrodes in stretchable light-emitting electrochemical cells (LEECs).[21]
The excellent electrical and mechanical qualities of SWNTs are accompanied by
disadvantageous optical properties: SWNTs are strong absorbers of visible light; in fact, the
absorbance of vertically aligned SWNT forests (0.98-0.99) throughout the visible spectrum
approaches that of an ideal black body.[43] Materials and methods to fabricate transparent
conductors always face a trade-off between conductivity and transparency.

Typically,

increasing the thickness of a film increases the conductivity, yet decreases the transparency.
The unfavorable optical properties of SWNTs suggest that nanoscale control of the film
structure and thickness is crucial to produce a strong network for high conductivity while
simultaneously maximizing the film transparency. One approach to achieve such control is
LbL self-assembly, in which the deposition of alternating layers of oppositely charged
materials onto a substrate builds up thin films one molecular layer at a time.[44−46] This
method yields conformal, uniform thin films with fine control over the film thickness and
architecture. Carbon nanotubes have been integrated in LbL fabrication schemes by first
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covalently bonding charged functionalities directly to the nanotube sidewall, and then
alternating the deposition of the functionalized nanotubes with either polymers or
nanotubes functionalized with the opposite charge.[47−50] This methodology has been used
to prepare sensors and thin-film electrodes on rigid glass substrates.[47−49,51] Similar to the
exfoliation process by ultrasonication, however, the covalent modification process disrupts
the p-conjugation of the nanotubes and diminishes the intrinsic conductivity.[6-7,52] As a
result, researchers have turned to supramolecular functionalization of SWNTs as a nondestructive alternative.

Supramolecular functionalization uses van der Waals and

p-p interactions to noncovalently bind molecules or polymers to SWNT surfaces to
solubilize SWNTs while preserving the nanotube structure, and thus the intrinsic electrical
properties.[6-7,52-53] Shim et al. paired supramolecular functionalization with LbL selfassembly by wrapping SWNTs with charged aromatic polymers, and then alternating their
deposition with polyelectrolytes to demonstrate transparent conductive electrodes on rigid
glass substrates and free-standing films that were mechanically flexible. The process was
not demonstrated on soft elastomeric substrates such as PDMS to enable stretchable
transparent conductors.[54-55]
Here, we combine supramolecular functionalization and LbL self-assembly to fabricate
transparent and conductive SWNT films that are also highly stretchable. We use watersoluble CPEs to generate aqueous dispersions of positively- and negatively-charged SWNTs,
and use these in an LbL process on PDMS.

The resulting films are transparent and

stretchable, and remain conductive up to 80% elongation. This study also highlights a
unique advantage of LbL self-assembly: The LbL process creates CPE-SWNT films that
exhibit a low root-mean-square roughness (18 nm), making them candidates for
transparent electrodes in thin-film devices. We demonstrate the key features of our CPESWNT films by using them as transparent electrodes in LEECs and as soft, wearable strain
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sensors to detect human motion.

5.2. Results and Discussion
We used SWNTs functionalized with anionic and cationic CPEs to assemble SWNTCPE films onto a charged PDMS surface one layer at a time. We chose anionic a-PPE and
cationic PDAFP as the CPEs, which interact with SWNTs via supramolecular p-p
interactions to produce anionic and cationic supramolecular polymer-nanotube assemblies
that can be easily dispersed in water. We assembled SWNT-CPE films from these aqueous
dispersions onto an activated PDMS substrate according to Scheme 5.1. After oxidizing the
PDMS surface with an air plasma to introduce hydroxyl functional groups, treatment with
the organosilane 3-aminopropyltriethoxysilane (APTES) produces an amine-terminated
surface. Protonating the amino groups with HCl produces a surface comprising positivelycharged ammonium groups. This activated surface electrostatically binds the anionic aPPE-SWNT by simply depositing the a-PPE-SWNT aqueous solution onto the activated
PDMS surface for one minute, followed by rinsing with water. The deposition of this first
CPE-SWNT layer creates a negatively charged surface; exposing this surface to the cationic
PDAFP-SWNT aqueous dispersion deposits the second CPE-SWNT layer and completes the
formation of a CPE-SWNT bilayer. We repeated the alternating deposition of a-PPE-SWNTs
and PDAFP-SWNTs to generate a total of 25 bilayers on the PDMS surface.
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PDMS
Air plasma

PDMS
i) APTES
ii) 6M HCl

PDMS
a-PPE functionalized SWNTs
---- -------- ------+- +- -+ -+- -+- +- -+- +- -+ -+- -+ -+PDMS

Protonated
APTES layer

PDAFP functionalized SWNTs
+ + + + + + + + + + + +
-+ -+- -+ -+- -+ -+- -+ -+- +- -+- +- -+-

-+ - +- -+ -+- -+ - +- -+ - +- +- -+- +- -+PDMS

}

CPE-SWNT bilayer

Scheme 5.1. Schematic illustration of LbL self-assembly of CPE-functionalized SWNTs on
PDMS.
As CPE-SWNT bilayers are built up on the PDMS surface, the sheet resistance (Rs)
and % transmittance both progressively decrease; however, they do not decrease at the
same rate. Scanning electron microscopy (SEM) of a single bilayer CPE-SWNT film (Figure
5.1) shows a sparse, porous network of CPE-SWNTs on the PDMS surface. The low density
of CPE-SWNTs in the film produces a weak percolation network with an Rs value of 153 ± 25
kW/ and a transmittance (98.3% at 550 nm) that is only slightly decreased from that of
native PDMS (100%). The variability in the Rs value may be attributed to the random
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mechanism of formation of the percolation network. Increasing the number of bilayers on
the surface increases the number of possible SWNT-SWNT connections, thus providing
more parallel pathways for current. The plot in Figure 5.2a and data in Table S5.1 show
that Rs decreases substantially by 88% (~135 kW/ ) between a single bilayer and five
bilayers, followed by a gradual decline of only 10% over the remaining 20 bilayers. The
initial precipitous drop in Rs between one and five bilayers contrasts with a relatively
modest drop in transmittance of only ~4%. Furthermore, the transmittance decreases by
approximately the same amount every five bilayers (Figure 5.2b). The fact that these two
key film parameters do not decrease in tandem speaks to the efficiency of the LbL assembly
process. The transmittance decreases regularly, indicating that the deposition process is
well behaved: At each five-bilayer interval, the consistent decrease in transparency implies
that every iteration of the LbL process adds an approximately equivalent amount of matter.
However, each bilayer does not contribute equally to reducing Rs. In the initial five bilayers,
the added CPE-SWNTs form SWNT-SWNT connections that efficiently construct the
percolation network. Each of these bilayers contributes additional conductors in a random
pattern that may add additional conduction paths or reinforce existing paths, resulting in
this initial dramatic decrease of Rs.

At the same time, there are inevitable junction

resistances introduced with each new SWNT-SWNT connection that become more relevant
as more bilayers are added. This junction resistance is due to imperfect SWNT-SWNT
contacts, particularly between metallic and semiconducting tubes,[56] which are likely
furthermore influenced by the dielectric CPE shell around the SWNTs. After five bilayers,
the benefit of adding more CPE-SWNTs to create more conduction pathways is nearly
balanced by the penalty of additional junction resistances; thus, Rs declines marginally. By
25 bilayers, additional bilayers do not measurably decrease Rs. At this point, the films are
analogous to a bulk material in which the conductivity is limited by the intrinsic junction
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resistance as well as the types of SWNTs in the film (a mixture of chiralities that are both
metallic and semiconducting).

Figure 5.1. SEM image of PDMS with a single bilayer of anionic a-PPE-SWNTs and cationic
PDAFP-SWNTs. (Scale = 200 nm)
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Figure 5.2. Electrical and optical properties of CPE-SWNT films on PDMS. a Plot of sheet
resistance versus the number of CPE-SWNT bilayers on PDMS. b Transmittance spectra.
Numbers in italics indicate the number of bilayers.
We chose to focus on 25-bilayer films for our study of the electrical and mechanical
properties of CPE-SWNT films (Figure 5.3a). 25-Bilayer films provide the lowest achievable
Rs (560 ± 90 W/ ) while maintaining a transparency of 77% at 550 nm. Furthermore, we
expect these films to have the highest number of SWNT-SWNT contacts – and thus
redundant conduction paths – available to preserve conductivity when these structures are
stretched. Despite the inclusion of the CPE in these films, the sheet resistance and %
transmission of 25-bilayer films compare quite favorably to other stretchable transparent
carbon nanotube films recently reported in the literature: SWNT films embedded at the
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surface of PDMS (564 W/ , 65% transparent);[33] SWNT films embedded at the surface of a
polyacrylate stretchable above its glass transition temperature of 70 °C (500 W/ , 87%
transparent);[21] carbon nanotubes spray-coated onto the surface of PDMS (328 W/ , 79%
transparent);[27] carbon nanotube films transferred to the surface of Dragon Skin elastomer
(500 W/ , 90% transparent);[26] and freestanding carbon nanotube films not integrated
with an elastomeric substrate (1 kW/ , 78% transparent).[25] SEM and atomic force
microscopy (AFM) images of 25-bilayer CPE-SWNT films reveal that these films also possess
smooth surfaces (Figures 5.3 and 5.4), a feature that is essential to their use as stretchable
transparent electrodes in thin-film devices.

SEM images further show a dense,

interconnected network of CPE-SWNTs that is ~200 nm thick with a smooth surface (Figure
5.3b, c). Analysis of AFM images (Figure 5.4) yields an RMS roughness of 18 ± 1 nm and a
maximum peak-to-valley distance of 70 nm. The absence of CPE-SWNTs protruding from
the film surface in the SEM and AFM images is consistent with a self-assembly process in
which CPE-SWNTs in solution assemble in a “lying down” configuration to maximize
favorable intermolecular electrostatic forces and p-stacking interactions. As a result, the
RMS roughness of CPE-SWNT films is 70% lower than that of SWNT films formed by dropcasting (RMS roughness = 60 nm). The electrostatic and p-stacking interactions of CPESWNT films are also strong enough to render them durable to physical marring. There was
a negligible change in Rs (620 ± 140 W/ ) of 25-bilayer CPE-SWNT films after vigorous
agitation with a gloved finger for 10 s.
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a

b

c

Figure 5.3. 25-Bilayer CPE-SWNT films on PDMS. a Photograph. b SEM image (top view)
(scale = 500 nm). c SEM image (cross-section) (scale = 250 nm).
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Figure 5.4. Surface topography of 25-bilayer CPE–SWNT film on PDMS. a AFM image. b AFM
profile corresponding to the section denoted by the black line in part (a).
Surface roughness is a fundamentally important parameter of electrodes in thin-film
devices.

Protrusions from nanostructured electrodes can cause device shorting by

producing localized regions of high electric fields or penetrating through an overlying
device thin film.[40−42] Most reports of stretchable and transparent carbon nanotube films in
the literature have not included surface roughness characterization. These films are
typically studied as pressure, strain, and touch sensors for which surface roughness is not
an important parameter. There is only one report in the literature of a stretchable and
transparent carbon nanotube film employed in a thin-film light-emitting device, in which
carbon nanotube films with low surface roughness were fabricated by embedding
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nanotubes into a polyacrylate and used as transparent electrodes in polymer light-emitting
electrochemical cells (PLECs). Heating the PLECs above the glass transition temperature of
the polyacrylate (70 °C) produced an intrinsically stretchable thin-film device.[21] We used a
proof-of-concept demonstration to show that the low surface roughness of 25-bilayer CPESWNT films on PDMS makes them viable as transparent electrodes by implementing them
in thin-film LEEC devices. LEECs are simple devices that consist of an anode and cathode
sandwiched around an emissive layer.[57-58] We used the ionic transition metal complex,
Ru(dtb-bpy)3(PF6)2 as the emissive material. Ru(dtb-bpy)3(PF6)2 supports charge injection
and transport in the device, as well as emissive recombination to produce 630-nm light.[57]
We fabricated LEECs by spin-coating a layer of PEDOT:PSS as a hole transport layer on the
CPE-SWNT film on PDMS to construct the transparent anode, followed by spin-coating a
layer of Ru(dtb-bpy)3(PF6)2 dispersed in a PDMS polymer matrix to improve the uniformity
of the film. We used a drop of liquid EGaIn on the surface as the cathode to complete the
device. Applying a dc voltage of 40 V to the devices resulted in the emission of light (Figure
5.5a), which we recorded over a 30-minute testing period. The evolution of current and
radiance (Figure 5.5a) and external quantum efficiency (EQE) (Figure 5.5b) show that the
devices reach their maximum EQE of 0.004% at 116 s. The continuous operation of these
devices for 30 minutes – with no evidence of electrical shorts – verifies that CPE-SWNT
films on PDMS are viable transparent electrodes for thin-film devices. However, the EQE of
LEECs with a CPE-SWNT electrode is lower than that of analogous devices in which the CPESWNT electrode is replaced by a standard ITO electrode and coated with PEDOT:PSS (EQE
= 0.01 ± 0.002). We expect that the device properties of CPE-SWNT LEECs can be improved
by making the electric field at the anode more uniform. Uniformity of the electric fields at
the electrodes is essential for optimal device operation and good device efficiencies due to
the electrochemical doping process that is central to the operating mechanism of
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LEECs.[58−62] Upon application of a voltage, the PF6- counterions migrate under the influence
of the electric field to the anode interface, leaving uncompensated metal ions near the
cathode. The accumulation and depletion of PF6- counterions produce high electric fields
near the electrode interfaces, lowering the barrier to charge injection. Charge injection
reduces Ru2+ ions adjacent to the cathode and oxidizes Ru2+ ions adjacent to the anode;
subsequent charge hopping creates an emissive zone of adjacent Ru+ and Ru3+ ions, which
undergo a recombinative process with visible light emission.[57] Our CPE-SWNT films are
composed of a mixture of semiconducting and metallic nanotubes; therefore, the electric
field generated at the film surface is inherently non-uniform due to the differing
conductivities of the SWNTs compared to the electric field generated at the surface of a
uniformly conductive electrode such as ITO. As a result, the emissive zone of CPE-SWNT
devices will be less coherent. To improve the properties of LEECs formed using CPE-SWNT
electrodes, it will thus be necessary to improve the homogeneity of the electric field
generated at the electrode surface by creating CPE-SWNT films from a single type of
nanotube – either purely metallic or purely semiconducting – rather than a mixture of
metallic and semiconducting SWNTs.

An attractive option would be to combine

semiconductor-enriched CPE-SWNT films with redox doping. The uniformly conductive
SWNTs comprising these films would produce a homogeneous electric field to improve the
device properties of LEECs, and may give the added benefit of improving the conductivity of
CPE-SWNT electrodes: Blackburn et al. reported the main resistance in semiconductorenriched SWNT films – the contact resistance of the intertube junctions – can successfully
be reduced using redox doping to increase the delocalized carrier density and transmission
probability through SWNT-SWNT junctions.

This process is more effective for

semiconductor-enriched films than for metal-enriched films.[63]
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Figure 5.5. Demonstration of 25-bilayer CPE-SWNT films on PDMS as transparent anodes in
LEECs. Evolution of (a) current (solid line) and radiance (dotted line) and (b) EQE over a 30minute testing period. Inset in (a) is a photograph of an operating LEEC.
In general, the resistance of SWNT films increases with stretching, which can be
attributed to the separation of SWNT-SWNT junctions as a result of elongation.

The

magnitude of the resistance increase and the recovery of conductivity upon releasing the
strain depend on the properties of the SWNT film.

SWNT films deposited on top of

elastomers may experience delamination, which can lead to irreversible loss of
conductivity; embedding SWNTs into polymers is regarded as a way to avoid this critical
problem. Despite the fact that 25-bilayer CPE-SWNT films are not mechanically stabilized
by embedment in a polymer matrix, the combination of electrostatic and p-stacking
interactions are strong enough to stabilize these films to stretching, enabling them to
remain conductive to high elongations (up to 80%) and largely recover conductivity when
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the strain is released.

The normalized change in resistance (R/R0) as a function of

elongation of 25-bilayer CPE-SWNT is plotted in Figure 5.6a. The resistance increases
relatively linearly with strain, and reaches 12.3 times the initial value (R0) at 80%
elongation. Fracture of the samples occurs beyond 80% elongation, suggesting that it may
be possible to prepare conductive CPE-SWNT films that function at even higher strains by
using an elastomer with a higher tensile strength than PDMS. Elongating CPE-SWNT films
to 80% and then returning to 0% strain restores the conductivity of the film to an R/R0
recovery value of 1.6 ± 0.2. We attribute this recovery to the ability of the electrostatic and
p-stacking interactions to mechanically stabilize the CPE-SWNTs in the film and allow them
to reconnect, although this value is also consistent with a small, irrecoverable loss of SWNTSWNT junctions. The electrostatic and p-stacking forces of 25-bilayer CPE-SWNT films are
also sufficient to stabilize these films to repetitive stretch-release cycles. We subjected 25bilayer CPE-SWNT films on PDMS to cycles of 15% strain, and measured the resistance in
the relaxed state (at 0% strain) after every 10 cycles. Plots of the resistance change versus
the number of strain cycles (Figure 5.6b) show that R/R0 remained relatively constant (< 2)
throughout the testing range of 100 cycles, although the slight gradual increase in R/R0
suggests some loss of SWNT-SWNT junctions.
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Figure 5.6. 25-Bilayer CPE-SWNT films on PDMS subjected to stretching. a Change in
resistance as a function of elongation. b Change in resistance as a function of the number of
15% strain cycles.
Strain sensors fabricated using soft, conformable materials can be worn on the body
to quantify human motion through changes in electrical resistance. The characteristics of
an ideal human motion strain sensor include high stretchability, high sensitivity, excellent
stability, and tolerance to repetitive strain.[64] Hard sensors such as metal foils or inorganic
semiconductors are widely used to sense structural changes or deformation in stiff
materials, such as buildings or aircraft. These sensors provide a range of sensitivities,
which are quantified by the gauge factor, the ratio of the fractional change in resistance
(DR/R0) to mechanical strain e.
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GF =

∆R/R %
ε

Metal strain gauges, with their low gauge factors of 2-5, are used to detect gross
deformations, whereas semiconductor strain gauges are useful for precision measurements
due to their high gauge factors (up to 200).[65−67] These useful instruments are, however,
entirely unsuitable to monitor human or even robotic motion, because they lack
conformability and cannot function at high strains typical of, for example, the bending of an
elbow joint. Intrinsically stretchable conductive materials, such as elastomers loaded with
conductive particles or stretchable conductive films on elastomers, provide the softness and
stretchability for these “soft” applications.[26-27,37,67-70]

We fabricated wearable strain

sensors from 25-bilayer CPE-SWNT films on PDMS for four reasons: First, CPE-SWNT films
are soft and conformable, exhibit resistance changes with stretching to high elongations,
and tolerate repeated deformation. Second, the gauge factor of these films determined from
the slope of the line of best fit of the plot of R/R0 vs elongation in Figure 5.6a is 15.0 for
strains of 0 - 80%. This value is higher than the gauge factor of aligned SWNT films on
PDMS, which decreases from 0.82 for strains of 0 - 40% to 0.06 for strains > 40.[37] Third,
the process to manufacture CPE-SWNT films on PDMS is low-cost, green (due to the
aqueous CPE-SWNT dispersions), and scalable. Fourth, CPE-SWNT films are transparent.
Adding transparency to strain sensors brings added functionality to motion detection,
particularly in robotics, because these sensors can be integrated with on-board
optoelectronic devices and can enable direct observation through the sensors.[26-27,33] To
fabricate CPE-SWNT strain sensors, we glued a 25-bilayer CPE-SWNT/PDMS structure onto
an adhesive bandage, and then simply adhered the bandage along the length of a human
thumb. We then applied a voltage of 20 V and measured the change in resistance as the
thumb was repeatedly bent and straightened at 10 s intervals (Figure 5.7). Bending the
thumb caused a resistance change of ~2x the initial value, which corresponds to ~15%
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strain on the line of best fit of the R/R0 vs elongation plot in Figure 5.6a. Straightening the
thumb recovered the resistance to within 8% of the initial value. Based on Figure 5.6a, CPESWNT films on PDMS are capable of detecting up to 80% strain, suggesting the potential to
detect a broad range of human or robotic motion.
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Figure 5.7. Demonstration of 25-bilayer CPE-SWNTs on PDMS as a wearable strain sensor.
Photograph of the sensor mounted on a human thumb in (a) straightened (unstrained) and
(b) bent (strained) positions. c Plot of normalized resistance as a function of time
corresponding to bending/straightening cycles.

5.3. Conclusions
We have combined supramolecular functionalization of SWNTs with LbL selfassembly to fabricate transparent, stretchable, and conductive CPE-SWNT films on PDMS.
The LbL process is green, scalable, and low cost, and it efficiently establishes the percolation
network largely within the first five bilayers. We credit the smoothness and ability of our
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films to remain conductive with stretching to the combination of electrostatic and
p-stacking forces, which very effectively bind the SWNTs within the film. The combination
of properties exhibited by our CPE-SWNT films – conductivity, transparency, low surface
roughness, and stretchability with low resistance changes – is what distinguishes our films
from others reported in the literature. We have exploited this combination of properties to
show that CPE-SWNT films are viable as transparent conductive electrodes in LEECs, and
can also be applied as soft strain sensors that are both wearable and transparent. Our CPESWNT films are made from a mixture of semiconducting and metallic SWNTs, which may
adversely affect the uniformity of the electric field generated at the surface due to the
differing conductivities of the semiconducting and metallic SWNTs in the film. This nonuniform electric field is problematic when these films are employed as transparent
electrodes in thin-film devices such as LEECs. Therefore, the next step in the development
of CPE-SWNT films will be to improve the uniformity of the electric field generated at the
surface. We aim to accomplish this improvement through redox doping of semiconductorenriched CPE-SWNT films, which may also bring the added benefit of improving the film
conductivity. We will report details of such optimized CPE-SWNT films and their use in
stretchable devices in due course.

5.4. Experimental
5.4.1. Materials
CoMoCAT

SWNTs

(CG-200,

SouthWest

NanoTechnologies,

Inc.),

poly(dimethylsiloxane) (Sylgard 184, Dow Corning, Midland, MI), and poly(3,4polyethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Clevios-P, Heraeus)
were used as received. All other reagents were purchased commercially and used as
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received. SWNTs modified with poly[2,5-bis(3-sulfonatopropoxy)-1,4-ethynylphenylenealt-1,4-ethynylphenylene] sodium salt (a-PPE-SWNTs)[53, 71 ] and protonated poly[9,9bis(diethylaminopropyl)-2,7-fluorene-co-1,4-phenylene](PDAFP-SWNTs)[72] were prepared
using previously published methods. Nanotube concentrations in the dispersions were
estimated by UV-Vis spectroscopic methods according to previously published procedures,
[53]

and were found to be approximately 1.5-2 mg/mL.

5.4.2. Preparation of Activated PDMS Substrates
PDMS substrates were prepared by casting a 10:1 w:w ratio of prepolymer:curing
agent against polystyrene Petri dishes and curing at 60 °C for 1 h, and then treated with air
plasma (Harrick Plasma PDC32-G) at medium discharge setting for 40 seconds at an air
pressure of 10 psig (flow rate of 32 mL/min). The oxidized substrates were then soaked for
10 min in a 1% (v/v) aqueous solution of 3-aminopropyltriethoxysilane (APTES), rinsed
with distilled water, and then immersed in 6 M HCl for 1 min. The samples were then
rinsed with distilled water and dried under a stream of nitrogen.

5.4.3. LbL Self-Assembly of CPE-SWNTs
Aqueous dispersions of a-PPE-SWNTs and PDAFP-SWNTs were sonicated in a
Branson sonicator (Model 3510) for 1 min prior to LbL self-assembly. 2 mL of the a-PPESWNT dispersion was deposited on the activated PDMS substrate for 1 min, followed by
rinsing with distilled water and drying under a stream of nitrogen. The surface was then
treated with the aqueous solution of PDAFP-SWNTs using the same process. The process
was repeated to form films with up to 25 bilayers of anionic a-PPE-SWNTs and cationic
PDAFP-SWNTs.

5.4.4. LEEC Fabrication
Devices were fabricated on both ITO-coated glass substrates (15-25 W/ , Delta
Technologies) and 25-bilayer CPE-SWNT films on PDMS (25 bilayers). ITO-coated glass
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substrates were cleaned by sonication in deionized H2O and isopropanol for 15 min each,
followed by treatment with UV ozone cleaner (Jelight, Model No. 42A) for 5 min. CPE-SWNT
films on PDMS were oxidized for 30 s in an air plasma (air pressure of 10 psig, flow rate 32
mL/min) at medium discharge setting. 0.7 mL of the PEDOT:PSS dispersion in water was
sonicated for 15 min and then diluted by adding 0.3 mL of isopropanol; this solution was
then spin-coated on the surface of either the ITO or CPE-SWNT film at 1000 rpm for 1 min.
The PEDOT:PSS layers on ITO films and CPE-SWNT films were then annealed on a hot plate
at 100 °C for 20 min. After cooling to room temperature, a Ru(dtb-bpy)3(PF6)2/PDMS
emissive layer[8] was deposited by spin-coating a 3:1 v:v mixture of a 40 mg/mL solution of
Ru(dtb-bpy)3(PF6)2 in dichloromethane and a 25 mg/mL solution of PDMS pre-polymer at
1000 rpm for 30 s, and then annealed in an oven at 60 °C overnight. A eutectic galliumindium (EGaIn) cathode (50 µL) was deposited onto the surface of the Ru/PDMS film using
a micropipette and then sealed in epoxy resin.

5.4.5. Strain Sensor Fabrication
CPE-SWNT films on PDMS (25 bilayers) were mounted to the back of an adhesive
bandage using PDMS pre-polymer as the adhesive, followed by curing at 60 °C for 1 h.
Connectors were fabricated by gluing strips of aluminum foil to the ends of the CPE-SWNT
films using a conductive silicone paste (Effective Shielding, West Chester PA).

5.4.6. Characterization
Scanning electron microscope (SEM) images were obtained using an FEI Magellan
Extreme High Resolution Field Emission Scanning Electron Microscope (XHR 400 FE-SEM).
The voltage was 1.0 keV and a through the lens detector (TLD) was used. Transmission
spectra were collected using a CARY 50 Conc UV-vis spectrophotometer.

Electrical

characterization was performed using a Keithley 2601A source meter. EGaIn (~0.01 mL)
was first deposited by syringe to the corners (for sheet resistance measurements) or ends
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(for resistance measurements) of the CPE-SWNT surfaces to facilitate electrical contact. For
electrical measurements under strain, samples were clamped in a micro-vice stretcher (S.T.
Japan, USA, Inc.) and the resistance was measured at 5% increments of strain. Data sets
consisted of a minimum of three samples, and the average was reported. AFM images were
obtained using the dynamic force mode of a Park Systems XE-100 AFM (Surface Science
Western, London, ON, Canada). A silicon cantilever with a nominal spring constant of 40
N/m, resonant frequency of 300 kHz and tip radius of 10 nm was used. Images were
collected from three spots on each sample in an area of 40 µm × 40 µm, and processed using
WSxM 5.0 Develop 8.0 software.[73] LEEC devices were characterized using a Keithley 2601
source-measure unit to apply a dc voltage and measure the current.

Radiance was

measured with a calibrated UDT S470 optometer attached to an integrating sphere.
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5.6. Supporting Information
Table S5.1: Sheet resistance and percent transmittance (at 550 nm) of CPE- SWNT bilayers
on PDMS.
Number of Bilayers

Sheet Resistance, Rs (kW/ )

Transmittance at 550 nm (%)

1

153.37 ± 24.86

98.3

5

17.98 ± 1.45

94.2

10

6.95 ± 0.26

89.6

15

4.20 ± 0.29

86.2

20

2.84 ± 0.10

82.7

25

0.56 ± 0.09

76.9
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6.1. Introduction
Stretchable electronic devices are undeniably a major part of future technologies
that can provide effortless performance during human-machine interactions. With the
recent fast-paced development of stretchable electronic devices,[1-6] compliant wearables,[710]

and bio-integrated devices,[11] the future of electronics is certainly soft.[12]

These

mechanically robust electronic devices require compliant, conductive materials that have
the ability to provide electrical functionality under external stress.

To achieve this

functionality, conductive materials are deposited on or within soft elastomers, imparting
physical stretchability to thin films that would normally be thought of as rigid. The last
decade has witnessed an investigation of combinations of materials and techniques to
design and engineer stretchable conductors.[13, 14] These conductors include thin metal films,
coatings of silver nanowires, carbon nanotubes, and conducting polymers.
To achieve mechanically robust stretchable devices that give efficient electrical
performance, regardless of their engineered application, it is vital that stretchable
conductors provide minimal change in resistances and retain high conductivities under
severe deformation; they furthermore must regain their original electrical functionality
when the applied stress is removed. The high conductivity of metals is their strong suit,
making them the subject of extensive research explorations. In stretchable electronics, gold
is commonly used to coat elastomers because it is highly conductive, inert, and ductile. The
major drawback of using metals, however, lies with their intrinsic vulnerability to external
forces: Small applications of stress can cause electrical failure at low strains in devices due
to crack formation. Adhesion is critical for generating high quality conductive films and
helps in suppressing delamination and strain localization;[15-17] if the film loses adhesion at a
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single point, regardless of the quality of the rest of the film, cracks may propagate
unhindered throughout the film breaking the conduction pathway.[18-20] For example,
Lacour et. al. demonstrated that strongly adhered gold films on PDMS remain conductive at
linear elongations of up to 22%.[21] Methods have been designed to achieve increased
stretchability of metal films by manipulating film morphology to engineer crack
formation.[16, 22, 23] However, the formation of cracks inevitably lead to increase in resistance
at high elongations. It is therefore necessary to design systems where the conductive
materials show high compliance and maintain low electrical resistance with stretching. It is
thus necessary to overcome the problems of cracking and delamination. A roundabout
solution is to structure conductive films such that stretching strain is converted to bending
strain during elongation. Taking advantage of specific geometric patterns such as buckles
induced by pre-stretching of the elastomeric substrate, meanders, and serpentines,[24-28]
steady electrical conductivity can be achieved at high elongations up to 100%. However,
this stretchability due to geometric patterning in metal films is limited to the extent,
direction, and orientation of the initial meandering or buckling structures.

Another

alternative for fabrication of stretchable conductors includes composites prepared by
embedding nanomaterials such as carbon nanotubes and metallic nanowires in
elastomers.[2, 29-33] Composites offer a solution by physically integrating the conducting
materials into the substrate. The dispersed nanomaterials provide a network for electrical
conduction while elastomeric material allows for the mechanical deformability. While
advantageous, these conductors present lower conductivity due to high junction resistances
compared to continuous metal films.[2, 34, 35]
Another versatile class of stretchable conductor employs liquid metal alloys as a
conducting material. The liquid nature allows free flow under the influence of applied
forces. High electrical conductivity and tendency to make low contact resistance interfaces
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with a variety of materials makes liquid metals very appealing for potential use in contacts
and electrodes. Mercury is often the first metal that comes to mind when thinking about
liquid metals. However, despite its metallic characteristics, it is highly toxic and has low
interfacial free energy, making it both dangerous and difficult to control.[36]

Instead,

eutectic liquid metal alloys such as Gallium-Indium-Tin (Gallistan – 68% Ga, 22% In, 10%
Sn) and Gallium-Indium (EGaIn – 75% Ga, 25% In) are promising alternatives.[37] These
alloys form a gallium oxide skin on the surface, allowing them to form metastable structures
consisting of liquid contained within the outer passivating oxide layer.[36, 38] EGaIn has been
employed as a contact between an electrical probe and conductive film for resistance
measurements,[22, 39-41] and as a top electrode in stretchable solar cells and stretchable lightemitting devices,[1, 3, 42] since it makes conformal and deformable, low contact-resistance
interfaces with the stretchable conductive or semiconductive films. However, free-standing
liquid metal drops do not offer a practical solution for designing commercial electronics due
to the restrictions imposed by the need to confine the liquid metal components to avoid
leakage.

Liquid metals have been integrated in microfluidic channels of elastomeric

substrates.[37, 38, 43-45] For instance, EGaIn-filled PDMS microchannels have been used to
fabricate stretchable wires and interconnects,[44] sensors,[46,
wires,[48,

49]

47]

self-healing stretchable

reversibly deformable and mechanically tunable antennas.[50-52] These

microchannels

have

also

been

used

to

fabricate

three-dimensional

conductive

nanonetworks within the elastomer that can be stretched to > 200%, while maintaining
high-current carrying capacities.[53] However, the photolithography required for the
generation of high quality microchannels is costly, and adds complexity to the process.
Alternatively, a simple method was employed by Fassler et al., who have appropriated
liquid metal for use in a conductive elastomeric composite by simply mixing Galistan with
PDMS pre-polymer and curing it in sheets.[54] The composite sheets were then encapsulated
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by 100 µm PDMS on the top and bottom. While the encapsulated Gallistan/PDMS sheet is
initially non-conductive, physical force can be used to induce coalescence of the dispersed
particles within the composite for selective conductive patterning, making it applicable for
use in stretchable device interconnects. While this composite can be used to make circuits
and traces, it cannot easily contact films of conductors or semiconductors over any area
since the surface is not conductive, eliminating the use of this material as an electrode in
devices such as light-emitting devices and solar cells.
Following a similar principle, our work in this chapter discusses the use of EGaIn in
a density-mismatch process with PDMS to create a EGaIn-PDMS composite (EPC). Bringing
these two components together forms a stretchable conductive composite that uses PDMS
matrix as a containment network for the liquid metal. The incorporation of liquid metal in
PDMS matrix generates small EGaIn microspheres within the elastomer.

Due to the

difference in density of EGaIn and PDMS, EGaIn microspheres sink to the bottom of the
composite during the curing process, exposing the microspheres on the lower surface and
bringing the surfaces of the microspheres in contact with each other to create a conductive
composite. The surfaces of the EGaIn microspheres in the composite form a gallium oxide
skin, which constrains the EGaIn microspheres at the surface of the composite and prevents
leaking of EGaIn. The conductive surface of the composite makes it applicable for use as an
electrode which was a limitation in previously reported liquid metal composite. When the
EPC is stretched, the compressive force perpendicular to the elongation pushes the EGaIn
microspheres out from the PDMS matrix rupturing the gallium oxide skin. The EGaIn
droplets coalesce on the surface to form large EGaIn patches that maintain or even lower
the resistance of the film. The reformation of oxide skin on these large EGaIn patches
restricts the leakage of the EGaIn off the surface of the stretched EPC.
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We furthermore show that EPC can be patterned into microscale features, and
demonstrate its use as an interface between electrical probes and conductive films, and as a
flexible electrode in large-area light emitting devices.

6.2. Results and Discussion
6.2.1. EPC Composite Preparation
We explored a simple method of mixing an elastomer (PDMS) with liquid metal
(EGaIn) to produce a grey biphasic conductive composite material (Figure 6.1a).

To

prepare EGaIn-PDMS composite (EPC), we mixed EGaIn and PDMS prepolymer using
vigorous stirring along with sonication before pouring it into a Petri dish to cure. This
strong agitation is required to form a homogeneous dispersion since EGaIn and PDMS
possess very different densities (density of EGaIn is ~6x that of PDMS), and tend to separate
otherwise. The disparity in density, however, is advantageous to forming the conductive
composite after pouring because EGaIn settles to the bottom of the Petri dish while still
being contained within the PDMS matrix. After curing the composite material, the bottom
side of the EPC composite is conductive while the top side is non-conductive. Figure 6.1b
depicts the profile of the EPC composite. EPC contains the flow of EGaIn within the
elastomer matrix while still maintaining the conductive properties of the liquid metal. The
network of immobilized EGaIn microspheres within the PDMS matrix comprises EGaIn
microspheres with diameters that range from 1-100 µm (Figure 6.1c). Surface analysis of
EPC using AFM gives the root mean square (rms) roughness of 155 ± 42.5 nm with a peakto-valley height of ~450 nm. The AFM image and the line profile analysis show EGaIn
microspheres of 20-30 µm in size (Figure 6.1e, f). These microspheres appear to be in
contact with each other, but do not coalesce due to the presence of gallium oxide skin
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(Figure 6.1c). The contact between the microspheres is supported by the sheet resistance
of the conductive side of EPC (0.63 ± 0.04 W.

-1),

which is comparable to the sheet

resistance of a free-standing EGaIn film (0.45 ± 0.01 W.

-1).

The slightly higher sheet

resistance of EPC is consistent with the junction resistances due to connections between the
gallium oxide skins on surfaces of EGaIn microspheres. The concentration of EGaIn within
the elastomer matrix is integral to this conductivity. Lowering the concentration by half
(0.15 mL EGaIn in 3 g of PDMS) results in non-conductive EPC due to isolated EGaIn
microspheres separated by large voids (~50-400 µm wide) (Figure 6.1d).

a

b

c

d

e

f

Height (nm)

100 µ m

1.6 µm

100 µ m

500

0
0

40
80
Distance (µm)

Figure 6.1. a Photograph of EPC. b Cartoon illustrating EPC. c Optical micrograph of EPC. d.
Optical micrograph of EPC with half the EGaIn concentration (0.15 mL EGaIn in 3 g of PDMS).
e AFM image of EPC. f AFM profile corresponding to the section denoted by red line in image
(e).
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6.2.2. Highly Conductive and Stretchable EPC
EPC exhibits high mechanical strength and conducting properties.

The EPC

stretches up to 80% elongation with almost no change in resistance (R/R0 = 0.88 ± 0.06)
(Figure 6.2a). In fact, R/R0 shows a slight decrease at certain strains. For example, at an
elongation of 60%, R/R0 = 0.7 (R0 = 0.09 ± 0.02 W) which is 30% lower than the initial R/R0
(R0 = 0.13 ± 0.02 W). This lowering of resistance is a result of the compressive strain
perpendicular to the direction of elongation of the EPC. This compressive strain causes
deformation of EGaIn microspheres, gradually rupturing the gallium oxide shell and
allowing the microspheres to coalesce. The coalesced microspheres readily generate a new
gallium oxide skin on the surface, which contains the EGaIn and prevents leakage.

This

coalescence is evident in the comparison of optical micrographs obtained at 0% elongation
(when the individual EGaIn microspheres are visible) and at 70% elongation, where the
microspheres have coalesced to form large areas of ~400-500 µm diameter on the surface
(Figure 6.2b, c). The coalescence of EGaIn microspheres on the surface reduces the number
of gallium oxide/gallium oxide junctions, which results in the decrease of resistance of EPC
on elongation.
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Figure 6.2. a Normalized change in resistance of EPC as a function of percent elongation. b, c
Optical micrographs of EPC, unstretched (b) and stretched to 70% (dashed spheres show
regions of coalescence of EGaIn microspheres (c).

6.2.3. EPC Patterning
EPC can also be patterned into desired feature shapes. We achieved patterning
using a PDMS stamp with 100-µm-deep dumbbell shaped wires (15 mm x 1 mm wire with
10 mm x 10 mm pads on both ends). We poured uncured EGaIn-PDMS mixture onto the
stamp and squeegeed the surface using a glass slide to remove the mixture from the raised
surfaces (Figure 6.3a). The stamp containing EGaIn-PDMS mixture within the recessed
features was then inverted and cured, resulting in the crosslinking of the PDMS of the
EGaIn-PDMS mixture with the PDMS stamp forming a single entity. The optical images show
EPC patterns with clean edges, showing a clear delineation of the pattern (Figure 6.3b, c).
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a
eGaIn/PDMS
mixture

Squeegee

PDMS stamp

Patterned EPC
c

d 3

R/R0

b

2
1
0

200 µm

200 µm

0

15
30
45
Elongation (%)

60

Figure 6.3. a Illustration of EPC patterning process. b, c Optical micrographs of EPC patterns,
centre (b) and edge (c). d Normalized change in resistance of patterned EPC wires as a
function of percent elongation.

We tested these patterned EPC wires for conductivity and subjected them to tensile
strains. The unstretched patterns are highly conductive (R0 = 0.22 ± 0.04 W). EPC patterns
stretched to 60% (Figure 6.3d), with R/R0 = 2.1 ± 0.7. At elongations up to 15%, the
resistance increases by 10%, and then a slight drop in resistance is measured at 15% strain.
The lowering of resistance is due to the compressive strain, causing coalescence of EGaIn
microspheres. At 60% elongation, the resistance of the patterns remains < 0.5 W. At strains
above 60%, the patterns are non-conductive. The elongation at electrical failure of
patterned EPC is lower than the unpatterned EPC, which we attribute to the dimensions of
the EPC pattern. The unpatterned EPC samples, which are > 1 cm in width, provide more
possible pathways to conduction between EGaIn microsphere connections than patterned
EPC wires, which are 1 mm in width.
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6.2.4. EPC as Interconnects
In the field of flexible and stretchable electronics, EGaIn is employed as a way to
contact the conductive films, or in other words, EGaIn is used as an interconnect between
the conducting thin films and the measuring probes. The use of free-standing EGaIn drops
as interconnects has been reported for metal-molecule-metal interfaces for study of selfassembled monolayers in molecular electronics,[36] as well as in measurement of resistance
and sheet resistance for a variety of conductive thin films including thin metal films,[22, 41]
AgNWs,[40] and SWNTs.[39] The liquid nature of EGaIn allows for a non-damaging, conformal
contact with the films to be measured. For experimental purposes, EGaIn is convenient, but
its use is not practical in commercial electronics because the liquid EGaIn must be packaged
and sealed to prevent leakage.

We demonstrate the use of EPC as interconnects for

conducting films and devices. The confinement of EGaIn with the PDMS matrix provides a
solution for packaging and sealing EGaIn to prevent leakage, making it a practical electrode
for device fabrication. We compared the resistance and sheet resistance of different thin
films measured using EPC and free-standing EGaIn drops as interconnects between the
electrical probes and films. We used films of indium tin oxide (ITO), silver nanowires
(AgNWs), gold, and conducting polymer (PEDOT:PSS) on glass for this study. The EGaInPDMS mixture was poured onto the edges of the thin films through a mold (0.6 cm
diameter) to define the exact location of interconnects (Figure 6.4a). On curing, the EPC
adheres to the films and the bottom conductive part of EPC makes conformal contact with
the films. Pressing the EPC interconnect gently from the top shows no leakage at the edges
since the PDMS component of EPC is cured directly onto the films and confines the EGaIn
within. The EPC interconnects are thus strongly bound to the surface of the conductive
films. Figure 6.4b and 6.4c show the photographs of EPC interconnects on conductive films
for measurement of resistance and sheet resistance respectively. We performed the control
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experiments using free-standing EGaIn drops covering the same area as EPC interconnects
for comparison.

a

EPC

EPC
Conductive Film
Glass

b

c

Figure 6.4. a Illustration showing side profile of EPC interconnects on conductive films. b
Photograph of EPC interconnects on PEDOT:PSS film on glass for resistance measurement
(scale = 0.5 cm). c Photograph of EPC interconnects on ITO-coated glass for sheet resistance
measurement (scale = 0.5 cm).

Table 6.1 lists the resistance and sheet resistance values for the different conductive
thin films using EPC and EGaIn interconnects. Resistance measurements using EPC and
EGaIn interconnects are within ~10% of each other, showing that EPC can be used as a
practical, mechanically stable alternative to free-standing EGaIn drops. Similarly, sheet
resistance measurements using EPC and free-standing EGaIn drops are within ~15% of
each other.
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Table 6.1. Comparison of resistance and sheet resistance measurements obtained using EPC
and EGaIn interconnects on different conductive thin films.
Resistance (W)

Sheet Resistance (W.

-1)

Film

EPC

EGaIn

EPC

EGaIn

ITO

23.2 ± 1.8

21.6 ± 1.2

19.4 ± 4.7

16.8 ±1.8

AgNWs

11.3 ± 3.1

9.9 ± 2.8

6.3 ± 0.5

5.9 ± 0.02

Gold

3.1 ± 0.1

3.1 ± 0.2

2.7 ± 0.2

2.3 ± 0.2

PEDOT:PSS

(1.6 ± 0.2) x 106

(1.6 ± 0.3) x 106

(0.7 ± 0.1) x 106

(0.6 ± 0.1) x 106

6.2.5. EPC in Light-Emitting Devices
EPC can also be used as a large-area electrode in light-emitting devices due to the
conductive EGaIn network at the surface of the composite. We demonstrate the use of EPC
as a large-area electrode in two types of devices, light-emitting electrochemical cells
(LEECs) and alternating current electroluminescence (ACEL) devices. There are two ways in
which EPC can be integrated as an electrode in light-emitting devices. First, the EGaInPDMS mixture can be directly poured and cured on top of an emissive layer deposited over
a transparent electrode, forming a robust and conformal electrode. Second, the devices can
be built on the EPC surface by spin coating the emissive layer on the surface of EPC,
followed by the deposition of a transparent electrode. We demonstrate the use of both
methods for the fabrication of light-emitting devices.
We used the first method to fabricate LEECs using ITO-coated glass as a transparent
electrode and Ru(dtb-bpy)3(PF6)2 dispersed in PMMA as the emissive layer. EGaIn-PDMS
mixture was poured onto the Ru(dtb-bpy)3(PF6)2/PMMA emissive layer to act as the second
electrode and complete the device (semi-circular shape, area 2.5 cm2).

The pouring and

curing of EGaIn-PDMS mixture directly on top of the emissive layer allows the conductive
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side of EPC to make conformal contact with the emissive layer, while the PDMS matrix cures
the electrode directly onto the device. Figure 6.5a, b shows the architecture of EPC-based
LEEC. When DC voltage is applied to the device, charge injection reduces Ru2+ ions adjacent
to the cathode and oxidizes Ru2+ ions adjacent to the anode; subsequent charge hopping
creates an emissive zone of adjacent Ru+ and Ru3+ ions, which undergo electron-hole
recombination process with visible light emission. The current curve and the radiance
curves show an initial peak on application of DC voltage followed by a decreasing trend,
which is a signature of typical LEECs (Figure 6.5c). The maximum radiance of EPC-based
LEECs was 3.1 ± 0.26 µW with a maximum external quantum efficiency (EQE) of 0.33 ±
0.06% (Figure 6.5d). For comparison, we fabricated Ru(dtb-bpy)3(PF6)2/PMMA LEECs on
ITO-coated glass using a free-standing EGaIn drop as the second electrode (EGaIn-LEECs).
The recorded maximum EQEs of EGaIn-LEECs (0.38 ± 0.13%) are the same as those of EPCbased LEECs.

173

Chapter 6: Soft EGaIn-PDMS Composites as Interconnects
and Electrodes for Large-Area Electronics
b

EPC

Glass/ITO

Ru(dtb-bpy) 3(PF6) 2/PMMA

EPC

ITO
Glass

RuPMMA

c1000

100

Current (µA)

100

10

10
1
1
0.1

0.1
0.01
0

EQE (%)

d

600
1200
Time (s)

Radiance (µW)

a

0.01
1800

1

0.1

0.01
0

600

1200

1800

Time (s)

Figure 6.5. Demonstration of EPC as an electrode in large area LEECs. a, b LEEC architecture:
Side view (a), Top-down view (b) (not to scale). c, d Evolution of (c) current (solid line) and
radiance (dotted line) and (d) EQE over a 30 min testing period. Inset in (d) is a photograph of
an operating LEEC.

We used the second fabrication method to fabricate flexible, large-area ACEL
devices using EPC. ACEL devices operate at high voltages (100-1000 V) due to their high
capacitance.

In general, ACEL devices contain a phosphor species doped with the

luminescent component.

We used ZnS doped with Cu for our flexible devices.

The

mechanism of these devices is different from the recombinative mechanism of the LEECs.
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When an external AC voltage is applied, the electric field inside the phosphor layer
increases and electrons in the phosphor-dielectric interface gain energy and transfer this
kinetic energy to the luminescent particles. The relaxation of the excited luminescent
centers to ground state by radiative decay results in light emission. ZnS:Cu particles
dispersed in PDMS (ZnS:Cu/PDMS) has been reported as an emissive layer in flexible and
stretchable ACEL devices.[3] The PDMS component of the ZnS:Cu/PDMS emissive layer
imparts flexibility to the emissive layer. We spin coated the ZnS:Cu/PDMS emissive layer
directly on the conductive side of the EPC substrate (4 cm x 4cm). Post curing of the
emissive layer, an AgNW film was drop cast onto the emissive layer to act as the transparent
electrode. The architecture of the device is depicted in Figure 6.6a. The probes were
attached on one side of the device and the EPC-ACEL device emits light over the remaining
area of 3 cm x 4 cm. (Figure 6.6b). We subjected the ACEL devices to bending, both inwards
and outwards to a radius of curvature of ~1.5 cm (Figure 6.6c, d), during device operation.
The devices continue to show light emission under bending strains, showing promise for
EPC in flexible light-emitting device applications. However, the ACEL devices show areas of
variation in intensity of light emission. This distribution of brighter and dimmer areas is
likely due to the lack of uniformity of the AgNW films which comprise areas of aggregated
AgNWs (Figure 6.6e).

These non-uniform AgNW films will produce non-uniform electric

fields, resulting in non-uniform emission. The variation in light emission can potentially be
improved using a more uniform transparent electrode.
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Figure 6.6. Demonstration of EPC as an electrode in large area bendable ACEL device. a
Architecture of ACEL device (not to scale). b, c, d Photographs of operating flexible ACEL
devices, unbent (b), bent outward (c), bent inward (d). e Optical micrograph of AgNW film on
ZnS:Cu/PDMS film.

6.3. Conclusions
One of the most interesting properties of free-standing EGaIn is its ability to
reconfigure its shape in stretchable electronics devices; however, this property also makes
EGaIn difficult to handle. EPC provides a solution by retaining the conformability and high
conductivity of free-standing EGaIn, while simultaneously confining the EGaIn within PDMS
to produce leakage-free and intrinsically stretchable conductors for use as interconnects
and electrodes.

Furthermore, the simple and low cost technique to generate highly

conductive and stretchable EPC patterns makes it a viable option for design and fabrication
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of circuits for new stretchable device applications. While we have demonstrated the use of
EPC as an electrode in flexible light-emitting devices, these highly stretchable conductors
are suitable for incorporation in stretchable electronic devices, such as stretchable LEECs,
OLEDs, stretchable solar cells and wearable sensors. Since EPC maintains its conductivity at
high elongations, steady device performance may be attained.

6.4. Experimental
6.4.1. Materials
EGaIn (Sigma-Aldrich) and poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow
Corning, Midland, MI) were used as received. Ru(dtb-bpy)3(PF6)2 was prepared using
previously published methods.[55] ZnS:Cu powder was obtained from Shanghai KPT, China
and used as received. AgNWs suspended in ethanol (20 mg/mL) were purchased from ACS
Material Inc. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was
obtained from Heraeus. PDMS stamps with recessed features were prepared according to
published procedures.[56, 57]

6.4.2. Preparation of EGaIn-PDMS composite (EPC)
0.3 mL EGaIn was mixed with 3 g of PDMS prepolymer and 0.3 g of PDMS curing
agent. EGaIn-PDMS mixture was vigorously stirred using a glass rod followed by sonication
for 15 minutes in a Branson sonicator (Model 3510), and then poured into a Petri dish
(diameter 5 cm) and degassed in a desiccator for 15 minutes. The Petri dish was then left
on the bench top for 30 min. EPC was then cured at 60 °C for 2 h in an oven.

6.4.3. Fabrication of EPC Patterns
Uncured EGaIn-PDMS mixture was poured on to a PDMS stamp with 100 µm deep
dumbbell shaped wire pattern (15 mm x 1 mm wire attached to 10 mm x 10 mm pads on
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both ends). The EPC mix was then squeegeed using a glass slide. The PDMS stamp with
EGaIn-PDMS mix within the pattern was then inverted, left on benchtop for 15 min and then
cured at 60 °C for 2 h in an oven.

6.4.4. EPC Interconnects
1 mL of EGaIn-PDMS mixture was poured onto different conductive thin films at the
corners through a rubber mold (diameter 0.6 cm) and allowed to sit on bench top for 15
min. The samples were then partially cured in an oven at 60 °C for 20 min, followed by
removal of rubber mold, and then completely cured in an oven for 2 h. The conductive films
included ITO, Au thin films, AgNW films and PEDOT:PSS films on glass and were prepared as
follows: Indium tin oxide (ITO) films on glass (15-25 Ω/sq, Delta Technologies) were
sonicated for 15 min in deionized H2O and 15 min in isopropanol, followed by treatment
with UV ozone for 5 min. Glass substrates were cleaned by sonicating for 15 min in
deionized H2O and 15 min in isopropanol, followed by treatment with air plasma for 40s.
Au films on cleaned glass substrates were fabricated by e-beam evaporation of 30-Å-thick Ti
followed by 250-Å-thick Au at a rate of 1Å/s. AgNW films were fabricated by sonicating (5
min) and drop casting a AgNW dispersion (2 mg/mL in anhydrous ethanol) on cleaned glass
substrates at 48 µL/cm2 with constant agitation using a KS 130 basic (IKA) shaker at 240
rpm at room temperature.

AgNW films were then annealed at 200 °C for 15 min.

PEDOT:PSS (Heraeus Clevios P) films were fabricated sonicating an aqueous PEDOT:PSS
dispersion for 15 min, heating the dispersion to 90 °C for 15 min, and diluting with 30%
isopropanol, and then spin-coating at 1000 rpm on the cleaned glass substrates. The
PEDOT:PSS film was then annealed on a hot plate at 100 °C for 20 min.

6.4.5. Fabrication of Light-emitting Electrochemical Cells (LEECs)
ITO-coated glass substrates were sonicated for 15 min in deionized H2O and 15 min
in isopropanol followed by treatment with UV ozone for 5 min.

The Ru(dtb178
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bpy)3(PF6)2/PMMA (RuPMMA) emissive layer (3:1 v/v mixture of a 40 mg/mL solution of
Ru(dtb-bpy)3(PF6)2 in acetonitrile and a 25 mg/mL solution of polymethylmethacrylate
(PMMA) in acetonitrile) was then spin-coated (1500 rpm for 30s) on the ITO-coated glass.
The films were then cured overnight in an oven at 120 °C. EGaIn-PDMS mixture was then
poured on top of the Ru(dtb-bpy)3(PF6)2/PMMA emissive layer using septa to confine the
spread of EGaIn-PDMS mixture and cured for 2 h at 60 °C.

6.4.6. Fabrication of Alternating Current Electroluminescent
(ACEL) Devices
ZnS:Cu powder was mixed with PDMS in a weight ratio of 2:1 and spin coated on
EPC (4 cm x 4 cm) at the spin rate of 500 rpm followed by curing in an oven for 2 h at 60 °C.
A AgNW dispersion (2 mg/mL in anhydrous ethanol) was sonicated for 5 min, then drop
cast on top of the ZnS:Cu/PDMS film at 48 µL/cm2 with constant agitation using a KS 130
basic (IKA) shaker at 240 rpm at room temperature. After drying, AgNW film was annealed
at 150 °C for 15 min.

6.4.7. Characterization
Optical inspection was carried out using an Olympus BX51M optical microscope
with bright field illumination.

Stereo micrographs were obtained using Leica

Stereomicroscope. Optical and stereo micrographs were captured using an Olympus Qcolor
3 digital microscope camera.

AFM images were obtained using a Digital Instruments

Multimode atomic force microscope in tapping mode. The measurements were carried out
using Veeco type FESP cantilever with a nominal tip radius of 8 nm and a nominal force
constant of 2.8 N/m. AFM images were collected over a 100 µm x 100 µm scan area using a
scan rate of 0.5 Hz and a scanning resolution of 512 samples/line. Images were collected
using Nanoscope 6 software and processed using WSxM 5.0 Develop 8.0 software.[58] RMS
roughness values from three different areas of a sample were averaged. Resistance
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measurements were obtained using a Keithley 2601A Source meter. EPC wires were
subjected to linear strains on a Micro-Vice stretcher, S.T. Japan, USA, Inc. and resistance was
measured at intervals of 5% elongations. LEECs were characterized using a Keithley 2601
source-measure unit to apply a DC voltage and measure the current.

Radiance was

measured with a calibrated UDT S470 optometer attached to an integrating sphere. ACEL
devices were operated at 5 VDC using Keithley 2601A Sourcemeter connected to a DC-AC
inverter (CXA-series, TDK) with 900 VAC output and frequency of 30 kHz.

6.5. References
[1]

H. L. Filiatrault, G. C. Porteous, R. S. Carmichael, G. J. Davidson, T. B. Carmichael, Adv.
Mater. 2012, 24, 2673.

[2]

J. Liang, L. Li, X. Niu, Z. Yu, Q. Pei, Nature Photon. 2013, 7, 817.

[3]

J. Wang, C. Yan, K. Chee, P. Lee, Adv. Mater. 2015, 27, 2876.

[4]

M. Vosgueritchian, J. B. H. Tok, Z. Bao, Nature Photon. 2013, 7, 769.

[5]

T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida, K. Hata, T. Someya, Nature
Mater. 2009, 8, 494.

[6]

J. Wang, C. Yan, G. Cai, M. Cui, A. Eh, P. Lee, Adv. Mater. 2016, 28, 4490.

[7]

D. H. Kim, N. Lu, R. Ma, Y. S. Kim, R. H. Kim, S. Wang, J. Wu, S. M. Won, H. Tao, A. Islam,
K. J. Yu, T. I. Kim, R. Chowdhury, M. Ying, L. Xu, M. Li, H. J. Chung, H. Keum, M.
McCormick, P. Liu, Y. W. Zhang, F. G. Omenetto, Y. Huang, T. Coleman, J. A. Rogers,
Science 2011, 333, 838.

[8]

M. L. Hammock, A. Chortos, B. C. Tee, J. B. Tok, Z. Bao, Adv. Mater. 2013, 25, 5997.

180

Chapter 6: Soft EGaIn-PDMS Composites as Interconnects
and Electrodes for Large-Area Electronics
[9]

X. Huang, Y. Liu, H. Cheng, W.-J. Shin, J. A. Fan, Z. Liu, C.-J. Lu, G.-W. Kong, K. Chen, D.
Patnaik, S.-H. Lee, S. Hage-Ali, Y. Huang, J. A. Rogers, Adv. Funct. Mater. 2014, 24,
3846.

[10]

A. P. Gerratt, H. O. Michaud, S. P. Lacour, Adv. Funct. Mater. 2015, 25, 2287.

[11]

D. H. Kim, R. Ghaffari, N. Lu, J. A. Rogers, Annu. Rev. Biomed. Eng. 2012, 14, 113.

[12]

S. Bauer, S. Bauer-Gogonea, I. Graz, M. Kaltenbrunner, C. Keplinger, R. Schwodiauer,
Adv. Mater. 2014, 26, 149.

[13]

T. Cheng, Y. Zhang, W. Y. Lai, W. Huang, Adv. Mater. 2015, 27, 3349.

[14]

D. McCoul, H. Weili, M. Gao, M. Vishrut, Q. Pei, Adv. Elec. Mater. 2016, 2, 1500407.

[15]

R. Morent, N. De Geyter, F. Axisa, N. De Smet, L. Gengembre, E. De Leersnyder, C.
Leys, J. Vanfleteren, M. Rymarczyk-Machal, E. Schacht, E. Payen, J. Phys. D: Appl. Phys.
2007, 40, 7392.

[16]

O. Graudejus, P. Görrn, S. Wagner, ACS Appl. Mater. Interfaces 2010, 2, 1927.

[17]

Y. Xiang, T. Li, Z. Suo, J. J. Vlassak, Appl. Phys. Lett. 2005, 87, 161910.

[18]

D. J. Lipomi, Adv. Mater. 2016, 28, 4180.

[19]

Z. Suo, MRS Bull. 2012, 37, 218.

[20]

N. Lu, X. Wang, Z. Suo, J. Vlassak, Appl. Phys. Lett. 2007, 91, 221909.

[21]

S. P. Lacour, S. Wagner, Z. Huang, Z. Suo, Appl. Phys. Lett. 2003, 82, 2404.

[22]

H. L. Filiatrault, R. S. Carmichael, R. A. Boutette, T. B. Carmichael, ACS Appl. Mater.
Interfaces 2015, 7, 20745.

[23]

R. Guo, Y. Yu, J. Zeng, X. Liu, X. Zhou, L. Niu, T. Gao, K. Li, Y. Yang, F. Zhou, Z. Zheng,
Adv. Sci. 2015, 2, 1400021.

[24]

D.-H. Kim, J. A. Rogers, Adv. Mater. 2008, 20, 4887.

[25]

D.-Y. Khang, J. A. Rogers, H. H. Lee, Adv. Funct. Mater. 2009, 19, 1526.

181

Chapter 6: Soft EGaIn-PDMS Composites as Interconnects
and Electrodes for Large-Area Electronics
[26]

Y. Zhang, Z. Yan, K. Nan, D. Xiao, Y. Liu, H. Luan, H. Fu, X. Wang, Q. Yang, J. Wang, W.
Ren, H. Si, F. Liu, L. Yang, H. Li, J. Wang, X. Guo, H. Luo, L. Wang, Y. Huang, J. A. Rogers,
Proc. Natl. Acad. Sci. U.S.A. 2015, 112, 11757.

[27]

Y. Zhu, J. Moran-Mirabal, Adv. Elec. Mater. 2016, 2, 1500345.

[28]

J. A. Fan, W. H. Yeo, Y. Su, Y. Hattori, W. Lee, S. Y. Jung, Y. Zhang, Z. Liu, H. Cheng, L.
Falgout, M. Bajema, T. Coleman, D. Gregoire, R. J. Larsen, Y. Huang, J. A. Rogers,
Nature Commun. 2014, 5, 3266.

[29]

F. Xu, Y. Zhu, Adv. Mater. 2012, 24, 5117.

[30]

Z. Yu, X. Niu, Z. Liu, Q. Pei, Adv. Mater. 2011, 23, 3989.

[31]

J. Du, S. Pei, L. Ma, H. M. Cheng, Adv. Mater. 2014, 26, 1958.

[32]

T. Sekitani, Y. Noguchi, K. Hata, T. Fukushima, T. Aida, T. Someya, Science 2008, 321,
1468.

[33]

S. Yao, Y. Zhu, Adv Mater 2015, 27, 1480.

[34]

Y. Kim, J. Zhu, B. Yeom, M. Di Prima, X. Su, J. G. Kim, S. J. Yoo, C. Uher, N. A. Kotov,
Nature 2013, 500, 59.

[35]

M. Park, J. Park, U. Jeong, Nano Today 2014, 9, 244.

[36]

R. C. Chiechi, E. A. Weiss, M. D. Dickey, G. M. Whitesides, Angew. Chem. Int. Ed. Engl.
2008, 47, 142.

[37]

M. D. Dickey, ACS Appl. Mater. Interfaces 2014, 6, 18369.

[38]

M. D. Dickey, R. C. Chiechi, R. J. Larsen, E. A. Weiss, D. A. Weitz, G. M. Whitesides, Adv.
Funct. Mater. 2008, 18, 1097.

[39]

A. Vohra, P. Imin, M. Imit, R. S. Carmichael, J. S. Meena, A. Adronov, T. B. Carmichael,
RSC Advances 2016, 6, 29254.

[40]

M. S. Miller, J. C. O'Kane, A. Niec, R. S. Carmichael, T. B. Carmichael, ACS Appl. Mater.
Interfaces 2013, 5, 10165.
182

Chapter 6: Soft EGaIn-PDMS Composites as Interconnects
and Electrodes for Large-Area Electronics
[41]

M. S. Miller, G. J. E. Davidson, B. J. Sahli, C. M. Mailloux, T. B. Carmichael, Adv. Mater.
2008, 20, 59.

[42]

D. J. Lipomi, B. C. Tee, M. Vosgueritchian, Z. Bao, Adv. Mater. 2011, 23, 1771.

[43]

S. Cheng, Z. Wu, Lab Chip 2012, 12, 2782.

[44]

A. Tabatabai, A. Fassler, C. Usiak, C. Majidi, Langmuir 2013, 29, 6194.

[45]

J. W. Boley, E. L. White, G. T. C. Chiu, R. K. Kramer, Adv. Funct. Mater. 2014, 24, 3501.

[46]

S. G. Yoon, H. J. Koo, S. T. Chang, ACS Appl. Mater. Interfaces 2015, 7, 27562.

[47]

T. Lu, J. Wissman, Ruthika, C. Majidi, ACS Appl. Mater. Interfaces 2015, 7, 26923.

[48]

E. Palleau, S. Reece, S. C. Desai, M. E. Smith, M. D. Dickey, Adv. Mater. 2013, 25, 1589.

[49]

B. J. Blaiszik, S. L. Kramer, M. E. Grady, D. A. McIlroy, J. S. Moore, N. R. Sottos, S. R.
White, Adv. Mater. 2012, 24, 398.

[50]

S. Cheng, A. Rydberg, K. Hjort, Z. Wu, Appl. Phys. Lett. 2009, 94, 144103.

[51]

M. Kubo, X. Li, C. Kim, M. Hashimoto, B. J. Wiley, D. Ham, G. M. Whitesides, Adv. Mater.
2010, 22, 2749.

[52]

J.-H. So, J. Thelen, A. Qusba, G. J. Hayes, G. Lazzi, M. D. Dickey, Adv. Funct. Mater.
2009, 19, 3632.

[53]

J. Park, S. Wang, M. Li, C. Ahn, J. K. Hyun, D. S. Kim, D. K. Kim, J. A. Rogers, Y. Huang, S.
Jeon, Nature Commun. 2012, 3, 916.

[54]

A. Fassler, C. Majidi, Adv. Mater. 2015, 27, 1928.

[55]

S. Bernhard, J. A. Barron, P. L. Houston, H. D. Abruña, J. L. Ruglovksy, X. Gao, G.
G. Malliaras, J. Am. Chem. Soc. 2002, 124, 13624.

[56]

Y. Xia, G. M. Whitesides, Angew. Chem. Int. Ed. 1998, 37, 550.

[57]

D. Qin, Y. Xia, G. M. Whitesides, Nature Protoc. 2010, 5, 491.

[58]

I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero,
A. M. Baro, Rev Sci Instrum 2007, 78, 013705.
183

Chapter 7: Conclusions and Outlook

CHAPTER 7

Conclusions and Outlook

184

Chapter 7: Conclusions and Outlook

7.1. Conclusions
The research described in this dissertation introduces a range of new elastomeric
materials and methods geared towards solving the challenges faced by the field of
stretchable electronics, be it the need to protect organic materials and oxidizable metals
from degradation, modifications of surface chemistry, development of new techniques to
enhance the stretchability of metal films, development of transparent conductors for thin
film optoelectronic devices or the fabrication of highly conductive liquid metal-based
composites. From the materials perspective, the work presented in this dissertation
discusses the use of a variety of different materials each constituting a different component
of electronic devices, such as elastomers, thin metal films, nanomaterials and liquid metals,
and therefore can be split into separate sections. However, the primary objective of the
work is one: to advance the field of stretchable electronics by solving challenges associated
with individual components with new applications in mind. The following sections will
outline the summary for each chapter, the challenges faced over the due course of this
research, and the strategies employed to solve them.
Our research group focuses on the conceptualization and development of wide
range of low cost, stretchable materials and technologies for stretchable electronics using
innovative ideas and strategies, without being limited by the use of one single material. This
dissertation is the testament to that fact. Stretchable optoelectronic devices are fabricated
almost exclusively on PDMS, which is permeable to gases and water vapor that have
deleterious effects on stretchable organic electronics, as has been discussed a number of
times throughout this dissertation. The high permeability of PDMS leads to decomposition
resulting from the quenching of active functional species with oxygen and water vapor. A
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number of barrier layers and encapsulation techniques have been investigated to protect
the stability and performance of organic components.[1-6] However, it is challenging to
integrate these barrier layers in stretchable electronics due to their limited stretchability.
To advance the field, it is therefore imperative to develop elastomer materials with intrinsic
impermeability. In Chapter 2 of this dissertation, we introduce T-IIR, a new transparent
formulation of a long known elastomer - butyl rubber.[7]

While the intrinsic low

permeability of butyl rubber has been extensively studied and applied to a multitude of
applications requiring airtight materials, any attempt towards integrating this material with
electronics had not been reported. The demonstrations of T-IIR encapsulation of devices
and wires in this chapter has revealed its potential to provide excellent protection to the
organic components and the oxidizable metals used in the fabrication of stretchable devices.
T-IIR can have an impact on the field of stretchable electronics only if it is advanced from
being merely a conformable encapsulant to an elastomeric substrate for deposition of thin
films. Thin film electrodes are the most fundamental components of stretchable electronic
devices. The properties of thin-film electrodes, particularly conductivity and stretchability,
are the key to performance of these devices. To enable the fabrication of these thin-film
electrodes on T-IIR, understanding the surface chemistry and adapting it for the deposition
of these films was necessary. In Chapter 3, we replicated PDMS-like surface properties on
the T-IIR surface, since PDMS surface offers simple surface chemistry and an easy plasmainduced modification method to enable wetting and deposition of thin film materials.
Surface modification of T-IIR, a hydrocarbon elastomer, was not as trivial. We developed a
combination of plasma and chemical treatment to tailor the surface chemistry, to enable the
deposition of variety of materials.[8] The ability to customize the surface with specific
terminal groups as necessary for the desired thin film deposition, lays down the foundation
for robust, stretchable, and impermeable electronic devices. As a proof-of-concept, we
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demonstrated deposition of thin Au films using a transfer printing technique and show that
stretchable metals can be achieved on T-IIR.
To circumvent the need for stretchable barrier layers, we recognized the need for TIIR to act as the stretchable substrate. The work in Chapter 4 presents our attempt towards
using T-IIR as a substrate in electronic devices. This endeavour required the deposition of
metal films on T-IIR using electron beam deposition. The results were not consistent with
the expectations of attaining a conductive thin film on T-IIR. Our studies revealed the
penetration of metal atoms into T-IIR preventing the formation of a conductive thin film on
the surface. This forced us to devise other methods to enable metal deposition on T-IIR. The
final outcome of discussions and ideas for solving this problem was the fabrication of the TIIR/PDMS layered composite, that not only allowed us to utilize the excellent surface
chemistry of PDMS, but also enabled us to harness the barrier properties of T-IIR. This
strategy not only allowed us to deposit metal films on the composite surface, but also
revealed an exciting influence of the layered composite on stretchability of metal films. The
brittle SiO2 interlayer introduced by T-IIR surface modification process influences the
cracking pattern of the overlying metal film resulting in the formation of microcracks that
are connected to each other and preserve the conductivity of metal films to elongations up
to 85%. This method allowed us to fabricate stretchable wires, and stretchable lightemitting devices on T-IIR. Furthermore, the T-IIR-based devices operated after exposure to
high humidity and during immersion in water, demonstrating the T-IIR ability to protect
sensitive device materials such as silver.
Stretchable optoelectronic devices, such as displays and solar cells, have gathered
major attention of researchers in the field of materials research. The biggest challenge faced
to realize stretchable optoelectronic devices is the development of transparent conductive
electrode that can withstand large degrees of strain while still maintaining high
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conductivity. Indium tin oxide has continued to be an industry standard for transparent
flexible electronics, however it is incompatible with stretchable electronics as it fails at low
tensile strain of ~1%.[9, 10] An alternative material is required that can form a stretchable
film with low resistance, high transparency and ability to tolerate strain while maintaining
its conductivity. SWNTs were the ideal choice for solving this problem due to their intrinsic
mechanical and electronic properties. However, the problem with using SWNTs comes from
their tendency to form aggregates in the film. We solved this problem by functionalizing the
SWNTs with conjugated polyelectrolytes that helped form homogeneous aqueous
dispersions of SWNTs.[11] Combining functionalization of SWNTs with layer-by-layer selfassembly, we achieved conductive films with networks of SWNTs on PDMS. We present this
work in Chapter 5 of this dissertation. The LbL deposition methodology not only gave us
smooth, stretchable films but also provided us with the ability to control the transparency
and resistance of these films by controlling the number of deposited layers. The properties
exhibited by these films such as high conductivity, high transparency, low surface
roughness, and high stretchability with low change in resistance make these films a viable
option for thin film devices such as light-emitting devices and sensors. We demonstrated
these films in such applications, specifically wearable strain sensors for human motion
detection.
Liquid metal alloys constitute another class of materials being researched
extensively for stretchable electronic device components. The physical and conductive
properties in particular are what make liquid metals a sought-after material for developing
stretchable electronics. The fluidic properties are very useful in flexible and stretchable
electronics because they flow in response to applied stress, however this ability to flow also
makes it extremely difficult to handle and integrate when fabricating devices. However,
integration of liquid metals with the elastomeric substrates require complex and high cost
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photolithographic processes. In Chapter 6, we describe a simple, low cost alternative for
integration of EGaIn with PDMS to fabricate stretchable, conductive composite material –
EPC. EPC offers an excellent replacement for free-standing EGaIn, by retaining its
reconfigurability and high conductivity, while confining the EGaIn within PDMS to give
leakage-free interconnects and electrodes for fabrication of flexible light-emitting devices.

7.2. Outlook
7.2.1. T-IIR Impact on Future Stretchable Electronics
One major challenge that stretchable and conformable electronics of today face is
their inability to retain function in the ambient atmosphere, in which they are built to
operate. This degradation in performance, as discussed throughout this dissertation, is due
to their sensitivity towards the detrimental effects of gases and moisture, and the inability
of the substrates they are built on to provide protection from these external sources. As a
result, most demonstrations of stretchable electronic devices are limited to the research
laboratories where these devices are tested and operated in an inert atmosphere. While the
concepts and designs are encouraging, their commercialization, and the realization of the
dream of ubiquitous soft electronics in the world around us requires development of
methods for packaging to prevent the degradation of these devices without affecting their
performance. The development of T-IIR discussed in Chapter 2 is one step closer to that
goal of improving the device lifetimes and their environmental tolerance. In Chapter 2 and
4, the demonstrated ability of T-IIR to protect sensitive device components has shown
promise for development of high performance soft devices that can fundamentally change
our conception of electronics. A plethora of electronic device applications can make use of
T-IIR properties to provide high efficiencies without degradation. It would not be
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overstating to say that T-IIR has the properties and potential to be integrated with all the
functional materials and design considerations that have been researched so far using other
substrates. If a shift from conventional silicone rubbers to T-IIR is made, a whole range of
stretchable organic devices can harness the beneficial barrier properties of T-IIR.
Fabrication of T-IIR-based electronics will not only protect these devices in ambient
environments but can also be used in electronic devices such as displays, sensing devices
and robotics for underwater operation. T-IIR-based stretchable devices will be
‘environment-proof’ so to say. The number of applications that can be fathomed are endless.
In a nutshell, our research on T-IIR has the potential to fundamentally change the field of
stretchable electronics and lead their way to commercialization.

7.2.2. LbL Self-Assembled SWNTs Films with High Uniformity for
Stretchable Optoelectronics
In Chapter 5, we showed a proof-of-concept demonstration of LEEC fabricated using
CPE-SWNT films. The use of a mixture of semiconducting and metallic nanotubes is
however a problematic factor in these devices. Having differing conductivities in the films
adversely affects the uniformity of the electric field flow through these films, requiring
operation at high voltage and resulting in less uniform emission and lower efficiencies. The
next steps to adapt CPE-SWNT films for the fabrication of thin film devices requires
improving the uniformity of the electric field generated at the surface. It is thus necessary to
improve the homogeneity of the films which can be achieved by fabricating films with either
the semiconducting-only or metallic-only type of nanotubes. The other approach may
involve redox doping of semiconductor-enriched CPE-SWNTs to improve film conductivity.
Regardless of the method employed for optimization of the process, CPE-SWNT films have
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potential for use as stretchable transparent conductive electrodes in thin film
optoelectronic devices.

7.2.3. EPC-based Stretchable Optoelectronic Devices
The work described in Chapter 6 presents solutions to replace free-standing EGaIn
with a stretchable EGaIn-PDMS composite with the same electrical properties but without
the drawbacks associated with the free-flowing liquid nature of EGaIn such as leakage
(surface disruption). For the most part, flexible and stretchable electronics are categorized
under the same domain, however, the mechanical properties required by the two are very
distinct. EPC, however, has the potential to close that gap. EPC has shown excellent
performance as a flexible electrode in light-emitting devices, and as patterned and
unpatterned stretchable wires. So far, the use of EGaIn in stretchable devices required their
reliable containment using expensive fabrication of microfluidics. The benchtop fabrication
of EPC offers a cost effective solution. In future, EPC may be used in stretchable and
wearable light-emitting devices, solar cells, and sensors, that require high conductivity and
high conformability to be able to wrap around the curvilinear forms of human body. Future
work will involve exploring EPC for more possibilities in the development of stretchable
electronic devices.
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